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ABSTRACT 
The early efforts of Booth, Johnson, Rubidge, Catuneanu, de Wit, Chevallier, Stankiewicz, 
Weckmann and many other scientists in studying the Karoo Supergroup has led to 
comprehensive documentation of the geology on the main Karoo Basin with regards to 
understanding the age, sedimentology, sedimentary facies and depositional environments. In 
spite of these studies, the subsurface structure, variations in thickness of various formations in 
large parts of the basin, the location and orientation of subsurface dolerite intrusions, and the 
depth to magnetic and gravity sources remains poorly documented. 
A geological study with the aid of geophysical techniques, magnetic and gravity, was conducted 
in the southwestern part of the main Karoo Basin. The objectives of the study were to construct 
numerous models of the main basin that image the crust to a depth of 45 km, to determine 
thicknesses of various formations, to relate observed geophysical anomalies with geological 
bodies and lineaments, to estimate the depth of existing anomalous bodies, to determine 
densities and porosity of various formations, as well as to determine the mineralogy of various 
rocks in the Karoo Basin.  
In total, seventy one rock samples were collected in the main Karoo Basin for density and 
mineralogical studies. The density results showed that the Beaufort and Ecca Group rocks have 
the low mean density of 2.490 g/cm3 amongst the rocks while the dolerite intrusions have the 
highest mean density of 2.697 g/cm3.  The porosities of various rocks determined from the 
measured rock densities revealed that the Ecca Group shales, particularly the Whitehill 
Formation has the highest porosity of 4.5%, while the Collingham Formation has the least 
porosity of 1.4 % amongst the Ecca Group shales.  
Mineralogical analysis of seventeen XRD samples and 26 thin sections indicate that quartz, 
kaolinite, and plagioclase occur as the major mineral in most sandstones and shales in the Karoo 
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Basin, while the pyrophyllite, smectite, and talc occur as minor minerals. Other mineral 
constituents include, calcite, mica, and amphibole. 
The 2½ dimensional (2½ D) gravity modelling along seven selected profiles, across the Beattie 
Magnetic Anomaly (BMA), revealed that the Ecca Group sediments, a target for shale gas 
exploration in the Karoo, occurs within a depth range of 0 - 4000 m from the surface. The basin 
deepens to a depth of 4600 m in the southwestern region, near the front of the Cape Fold Belt. 
It was observed as well that the Karoo dolerite sills are connected at depths and are mostly 
concentrated at the centre, the deepest part of the basin with some having saucer shape - like 
structure. These observations correspond well with the borehole data from AB 1/65 and QU 
1/65 presented in Linol and de Wit (2016). Thickness isochore maps that were extracted from 
the gravity models indicate that the Ecca Group, which is the main target for hydrocarbon 
exploration, thickens to the south away from the centre of the basin and reaches thicknesses of 
greater than 3680 m. The Beaufort Group proves to be the thickest succession in the Karoo 
Basin with an estimated thickness of up to 6046 m. 
Constructed geophysical maps with the geology overlain reveal that most magnetic anomalies 
are due to dolerite intrusions, while gravity lows are due to less dense shales of the Ecca Group. 
The depth slices of magnetic data indicate that near surface magnetic bodies occur within the 
depth of 42 m from the surface whereas deep seated ones occur as deep as 9488 m and possibly 
deeper. Gravity depth slices reveal signatures that are predominant  at depth of 2403 m are of 
short wavelength and are mainly lineaments and circular structures. They ultimately disappear 
at depth of 7120 m. The depth slices further indicate that the intensity of both magnetic and 
gravity long wavelength signatures become stronger with increasing depths. 
KEYWORDS: Karoo Basin, stratigraphy, mineralogy, density, porosity, magnetic, gravity, 
modelling, depth slicing and Ecca Group 
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INTRODUCTION 
1.1 RESEARCH BACKGROUND  
This project utilizes gridded magnetic and raw gravity data, that was acquired by the Council 
for Geoscience between 1976 and 1982, to map the subsurface of the southwestern part of the 
main Karoo Basin as well as to understand the geology and geophysical characteristics of the 
basin. The Karoo Basin, particularly the area under investigation is of interest to scientists and 
resource economists. From the perspective of the latter i.e. the economists, the shale gas 
reserves of the Karoo Basin in South Africa have been estimated to have a potential to positively 
influence the economic state of the country, more especially in this period of global need for an 
efficient, clean burning, and affordable energy source. From a scientific standpoint, the area is 
underlain by sources that give rise to the Beattie Magnetic Anomaly (BMA), the Southern Cape 
Conductive Anomaly (SCCB) and the Cape Isostatic Anomaly (CIA). Moreover, the Karoo 
Basin has been intruded by a network of dolerite dykes and sills, and these mafic intrusions 
formed a complex and unique geology in the Karoo, leading to possible difficulties in exploiting 
the shale gas. This project is aimed at constructing subsurface models using gravity data to 
image the structure of the basin at depths, including the lineaments. 
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1.2 GEOLOGICAL BACKGROUND 
The Cape and Karoo Supergroups record the most significant history of non-marine and 
shallow-deep marine sedimentation from the Palaeozoic to the Lower Mesozoic period (300 
Ma) along the Paleo-Pacific margin of Gondwana (Linol and de Wit, 2016). The Cape 
Supergroup is often referred to as the backbone of the Cape Fold Belt (Lubke and De Moor, 
1998). The rocks of Cape strata are believed to have been laid in marginal rift basin (Cape 
Basin) where they attained a thickness of approximately 8 km during the Early Ordovician to 
Early Carboniferous period (Johnson, 1976). This thick succession of stratum is of considerable 
significance for both palaeontology and geological reasons. On the palaeontological 
perspective, the supergroup is well known for its diverse occurrence of fossil assemblages that 
ranges from invertebrate fossils, which are present in the basal Table Mountain Group and 
overlying Bokkeveld Group, to fish and plant fossils trapped in the younger rocks of Witteberg 
Group (Thamm and Johnson, 2006). From the geological perspective, the Cape sediments are 
famed by the presence of spectacular geology of the Cape Fold Belt (CFB). This metamorphic 
belt (CFB) records 278- 230 Ma geological and tectonic event. Lindeque et al. (2011) describes 
the CFB as a thin skinned Jura-type fold belt developed due to continent-continent or arc 
collision with subduction far to the south.  
The Karoo sequence is characterized by vast igneous (dolerite) intrusions and sedimentary 
deposits that were emplaced between the Late Carboniferous and Early Jurassic period. The 
rocks of the Karoo occupy an area of about 700 000 km2 with accumulative thickness of more 
than 12 km in the southern portion of the main Karoo Basin towards its eastern end (Johnson et 
al., 2006). Linol and de Wit (2016) indicate that duplication of the basin by thrust faults resulted 
to accumulation of the basin strata to thicknesses of greater than 12 km with the depth of 5 km 
in the south. The Karoo sequence is widely known as a palaentological laboratory with wide 
variety of fossil remains, including vertebrate fossils, distinctive plant assemblages and 
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anthropods (Linol and de Wit, 2016; Johnson et al., 2006). According to Catuneanu et al. (2005) 
the Karoo Supergroup preserves a record of special time in Earth’s history, when the Pangea 
supercontinent reached its maximum extent during the late Palaeozoic-Early Mesozoic interval.  
The rocks of the Karoo Supergroup particularly those of Ecca Group in the northern part of the 
basin are the host to coalfields of South Africa. These coal seams have been described to be 
horizontal throughout in the main basin except at locations where the seams are associated with 
dolerite dykes and sills.  The majority of Southern Africa onshore fossil fuel (e.g. coal) occurs 
in the rocks of the Karoo.  Current investigations are focussed mainly on the shale gas. 
Exploration for petroleum in the Karoo Supergroup was operative during the years of 1960s 
and 1970s, undertaken by SOEKOR, but shifted offshore due to perceived low onshore potential 
(Johnson et al., 2006).  However, widespread dolerite intrusions that cut into the rocks of the 
Karoo Basin probably introduced heat into the basin, that led to large scale conversion of oil 
into the gas and the Ecca Group shales have been identified to qualify as a good source of gas 
(Johnson et al., 2006).  Results from recent studies conducted by Geel et al. (2014) on the 
lowermost three formations (Prince Albert, Whitehill and Collingham) of the Ecca Group 
indicate the  shales, particularly the Whitehill Formation have an average TOC content of 4.5 
% and this qualifies them within the range of gas bearing shales. However, the results from 
vitrinite reflectance, rock eval pyrolysis, open pyrolysis, thermovaporation of the same study 
indicate over maturity of these rocks. 
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1.3 LOCATION OF THE STUDY AREA                                                                                                                                                                                                                                                                                                   
This study focusses on the rocks of the Cape and Karoo Supergroups in the southwestern region 
of South Africa. The area under investigation is estimated at 90 945 km2. Geographically, it lies 
within the latitude of 31° S and 34° 50’ S and extends towards the east from the longitude of 
20° E to 24° E (see Figure 0.2), engulfing almost the entire succession of Cape Supergroup and 
southwestern strata of the main Karoo Basin.  In the area, the rock formations are clearly visible 
along the road cuttings, including regional road R61 and the national road N1 that links the 
towns of Beaufort West and Laingsburg.  
 
Figure 0.1: The geological map of South Africa showing the location of geophysical profiles in 
the Karoo Basin (courtesy of Linol and de Wit, 2016). Note: The red square indicate the 
boundaries of the study area. 
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Figure 0.2: Satellite imagery of the southwestern Karoo Basin showing the study area, South 
Africa (modified after Google Earth, 2014). Note the black line indicates the location of known 
seismic line (Lindique et al., 2011) within the study area. N2 and N12 are national roads. 
1.3.1 Climate 
The Great Karoo is classified as a semi-desert region that receives as little as 400 - 800 mm of 
rainfall during summer season and becomes relatively dry in winter (Low and Rebelo, 1996). 
In general, it is an arid, windy region with average temperatures rising as high as 43° C in 
summer season and becomes extremely cold during winter months (5° C). The westerly part of 
the study area falls in the Western Cape Province, where atmospheric conditions change from 
arid in the east to the Mediterranean climate towards the centre of the region. The area is 
relatively wet with a remarkable rainfall range of  100 mm to 700 mm annually, the precipitation 
  
6 
 
decline towards the east of the Karoo where expected rainfall is less than 100 mm (Mucina et 
al., 2006). 
1.3.2 Rivers 
The area is criss-crossed by meandering rivers (see Figure 0.3, below). These rivers drain the 
escarpment, including the Nuweveld and Swartberge mountains. Towards the south of the area 
the Olifants River runs parallel to and in the foothills of Swartberge and Outeniqua Mountains 
to join the Gamka and Dwyka River. Ultimately, these streams joins to Gourits River, whose 
flow is in the N-S direction towards the Indian Ocean.  On the westerly side of the area, 
particularly in the southwest the Breede and Sonderend River joins to form Berg River. The 
former (Breede River), drains the Hex River further on the west and Langeberg Mountains, 
while the latter (Sonderend River) drains the Boland and Riviersonderend Mountains. To the 
North, the Vis River receives its water from the Karoo mountains and nearby Roggeveld 
Ranges. 
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Figure 0.3: Topographic map showing rivers and mountains within the study area. 
1.3.3 Vegetation 
The flora of the area generally falls within five distinctive biomes, namely, the Nama Karoo, 
Succulent Karoo, Forest, Fynbos and Thicket Biomes (Mucina and Rutherford, 2006).  The 
vegetation in many ways is believed to reflect changes in both geology and rainfall patterns 
(Low and Robelo, 1996).  
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1.3.4 Landuse 
The Land in the Karoo is mostly used for small, middle and large scale farming (livestock and 
cultivation). However, more farmers are turning their lands into game farms, which attract 
tourists from all around the world. Farming in the Karoo is affected by possible number of 
reasons, including scarcity of water for irrigation due to climate changes that forces the farmers 
to opt for game farming.  Farther west within the study area in the Western Cape Province, 
farming is also a common practise among the people of this region. Farm lands are dominated 
mostly by grape, apple farms, and nature reserve parks.  Apart from farming, land is also used 
for municipal landfill sites and water supply dams. Various mining activities in the Western and 
Eastern Cape have been reported by Council for Geoscience (2012), including limestone-
dolomite, dimension stone, clay and coal harvesting. However coal deposits are not common in 
the area except for the Molteno Coalfields which are no longer mined commercially except by 
illegal miners in abandoned mines. The study area has recently received attention due to 
potential of uranium and shale gas extraction.  
1.4 RATIONALE OF THE STUDY 
The Karoo Basin has been at the centre of research for many years. Various studies ranging 
from paleontology, sedimentology, structural geology and others have been conducuted. 
However, not much work, if any has been done on mineral evaluation and resource development 
in the Karoo. The reason being that its sedimentary rocks were thought to contain no natural 
resources that are economically competitive in the international market except for coal deposits. 
If present they occur in small quantities with low grade quality to be economically extracted. It 
is believed that, the above is amongst the underlying reasons that resulted in researchers having 
little interest and overlook the geology of the Karoo from the perspective of mineral prospect.   
This lead to: 
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 Existence of little/ less knowledge amongst research scientists about the subsurface 
of the Karoo due to insufficient amount of geophysical data to probe the basin at 
depths.  
 If present, there are very few existing geological models derived from gravity data 
that image the subsurface of the main Karoo Basin, including the dolerite intrusions 
up to the moho (approximately up to 45 km depths).  
 Unaccounted source of some magnetic and gravity anomalous signatures within the 
area under investigation. 
However, such inattentiveness towards the main Karoo Basin changed with the discovery of an 
unconventional natural gas potential in the Ecca Group shales, which has now re-sparked 
interest and drawn much attention to these rocks worldwide and from South Africa. 
1.5 AIM AND OBJECTIVES OF THE STUDY 
The aim of this study is to make use of available magnetic and gravity data to interpret and 
model the geology of the Karoo, so as to uncover new scientific information, if available, that 
may aid in understanding the geological characteristics of the main Karoo Basin at depths. This 
kind of work will add value on accumulating scientific information about the main Karoo Basin.  
The underlying objectives are to: 
 Correlate existing magnetic and gravity signatures with geologic structures by 
overlaying a geological map with generated geophysical maps and observe if there 
are any existing relationships.  
 Delineate and estimate the depths of anomalous bodies within the area, using depth 
slicing technique. 
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 Construct a coherent 2½ D models using gravity, density and borehole data along a 
number of profiles to map the subsurface geology, including shallow and deep 
structures such as intrusions, faults and folds in the area and ultimately reveal their 
geometry.  
 Estimate approximate depths and thicknesses of the various formations, across the 
basin and compare them with the borehole data. Such information will be very 
necessary for shale gas exploration over the basin. 
 Determine the mineralogy of accessible rock formations within the study area. 
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1.6 GEOLOGICAL SETTING 
 
Figure 0.4: Geological map showing the location of boreholes and the major geophysical 
anomalies within the study area. 
The map above (Figure 1.4) shows the locations of old SOEKOR boreholes and the geology of 
the southwestern Karoo Basin including, geological groups, faults, dolerite intrusions as well 
as known major geophysical anomalies (Beattie Magnetic Anomaly and Southern Cape 
Conductive Belt). The BMA and SCCB are the largest known anomalies on Earth present in the 
southern part of South Africa (Weckmann et al., 2007). Both these anomalies occur in the same 
zone and have an east-west striking direction. The causative bodies of these anomalies remain 
controversial, several authors have proposed different sources (see section 2.4 for different 
hypotheses).    
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1.6.1 Geological setting of the Cape Fold Belt 
The Cape Fold Belt (CFB) comprises of Palaeozoic clastic sedimentary rocks of the Cape 
Supergroup that rests with sharp unconformable contact on the Precambrian basement rocks 
(Bachtadse et al., 1987) and are in turn overlained by the rocks of Karoo Supergroup. Booth 
and Shone (2005) and Linol et al. (2016) describe the Cape Supergroup to have been deposited 
during rising and falling of the ocean along a shallow continental-shelf that flanks the southern 
margin of Gondwana while the Karoo Supergroup rocks are considered to be intracratonic 
thermal sag basin fills (Bordy, 2000). Miller et al. (2016) indicate the tectonic setting of the 
CFB is controversial and several models which seek to account for its deformation have been 
proposed. The seismic model by Lindique et al. (2011) images the CFB as a Jura Mountains 
with several zones of tectonic collision that developed due to southward subduction (Miller et 
al., 2016). Johnston (2000) and Tankard  et al. (2012) proposes a sinistral strike slip orogeny 
developed in response to reactivation of the southern margin of Namaqua-Natal Metamorphic 
Belt (NNMB) (Miller et al., 2016). According to Miller et al. (2016) there is no existing field 
evidence such as horizontal lineations to support this model. Seismic and magnetotelluric  
results from Weckman et al. (2007), Stankiewickz et al. (2008), Lindeque et al. (2011) and 
Scheiber et al. (2014) points the source of the BMA to complex remnants of magnetised rocks, 
thus disputing the cordillera type retro-arc models that interpret the source of the BMA as a  
fossil suture zone that formed as the result of collision of a landmass and the Kalahari Shield 
(Miller et al., 2016).   
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CAPE AND KAROO SUPERGROUPS: AN OVERVIEW 
2.1 INTRODUCTION 
The depositional environment, age, and the stratigraphy of rocks in a particular area are the key 
aspects in understanding the geology of that particular locality. Therefore, it is essential in this 
chapter to review the above aspects to form a firm geological background of the study area. 
This chapter is also aimed at highlighting existing geophysical information from previous 
geophysical studies conducted in the study area.  
2.2 GENERAL GEOLOGY OF THE CAPE SUPERGROUP 
The Cape Supergroup is believed to have been deposited in a shallow continental-shelf between 
mid-Cambrian to Upper Devonian and rests unconformably on Precambrian metasediments and 
Cambrian granitic intrusion (Linol et al., 2016). According to Lurie (2008) the rocks of the Cape 
Supergroup are present in two areas in Southern Africa. Outcrops believed to belong to this 
supergroup have been observed in the northeast of Port St. Johns (Msikaba Formation) and also 
occur between Vanrynsdorp and Fish River, forming the Cape Fold Belt parallel to the coastline.  
Booth and Shone (2005) and Linol et al. (2016) subdivide the rock strata of the Cape Supergroup 
into three mapable units based on the age and depositional environment and these include, the 
Table Mountain, Bokkeveld, and the Witteberg Group. The deltaic Witteberg Group is 
geologically the youngest unit in the Cape Supergroup dated to have been deposited between 
Late Devonian to Early Carboniferous (Gess, 2016). It consists mostly of thin- bedded, reddish 
grey siltstones and interbedded thin beds of sandstone lying on top of marine Bokkeveld Group 
(Linol et al., 2016). The underlying Bokkeveld Group comprises of black shale, compact 
siltstone and olive-grey sandstone units. Lubke and De Moor (1998) compared the Bokkeveld 
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Group with the Table Mountain Group and found that the former consist of shale and siltstone 
that erodes easily and form valleys. The latter has been described by Linol et al. (2016) to 
comprise of a thick sedimentary succession made up of 2000 – 5000 m thick quartz rich 
sandstones and interlayered glacial tillite of the Pakhuis Formation and shale units of the 
Cederberg Formation towards the top.  Lubke and De Moor (1998) indicate that the Table 
Mountain Group quartz rich sandstone underwent metamorphism to form quartzites as a 
consequence they are resistant and erode to form mountain ranges. According to Linol et al. 
(2016) the glacial deposits of the Pakhuis and Cederberg Formation marks the glaciation and 
deglaciation event of Gondwana at about 444 Ma. Detrital zircon dating points the source of 
Cape Supergroup sediments to the Namaqua Natal Metamorpic Complex and Pan African 
orogenic belts  between 1200-1000 Ma and 650-500 Ma, respectively (Miller et al., 2016). 
2.2.1 Table Mountain Group 
Thamm and Johnson (2006) divide the rocks of the Table Mountain Group (TMG) into two 
subgroups with fourteen formations (Table 2.1). These formations were further discriminated 
based on their location relative to 21°E longitude, that is, either east or west of the longitude.   
The Palaeozoic Table Mountain Group reach an estimated maximum thickness of 4430 m in 
the west and that of 4550 m in the east where prominent outcrops wth minimal duplication can 
be seen near Port Elizabeth town (Johnson et al., 2006). It is mostly dominated by the clastic 
sedimentary rocks, including sandstone, shale, conglomerate, siltstone and glacial diamictite 
(see Table 2.1). 
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Table 0.1: The lithostratigraphy of the Table Mountain Group, m is the thickness (after 
Thamm and Johnson, 2006). 
 
 
A. Piekenierskoof Formation 
The Piekenierskloof Formation occurs at the base of the Table Mountain Group where it is 
present as a thick succession (~ 900 m) of coarse grained sandstone and fluvial conglomerate 
with minor mudrocks in places (Thamm and Johnson, 2006). The formation is locally 
conformable with the underlying low grade metamorphosed sediments of Late Neoproterozoic 
– Early Cambrian age Kliphuewel Formation and towards the south and south east it is overlain 
by reddish shales and quartzose sandstones of the Graafwater Formation (Tankard et al., 2009). 
Visser (1974) cited in Veevers et al. (1994) identified two facies that exist within rocks of 
Piekenierskloof Formation that is, the glaciogenic facies of Late Ordovician and fluvial coastal 
plain-beach-neritic facies. Moreover these rocks were laid down on the valley during the Early 
Ordovician age (Veevers et al., 1994). 
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 Pakhuis 80        -   - Sandstone, tillite 
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Conglomerate 
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B. Graafwater Formation 
The Graafwater Formation comprises of 70 m thick interlayered quartzose sandstone with 
distinctive reddish-coloured shale and siltstone (Thamm and Johnson, 2006). Thamm and 
Johnson (2006) indicate that the units show an upward fining cycle with the base of each cycle 
beginning with a layer of sandstone followed by a shale.  
C. Sardinia Bay Formation 
According to Shone (1986) the outcrop of Sardinia Bay Formation is visible near the city of 
Port Elizabeth, where it is marked by a 900 m thick rock unit. The outcrop constitutes of rocks 
such as metaquartzite, phyllites and conglomerate in the vicinity of Sardinia Bay. Shone (1986) 
draw a conclusion based on the features displayed by these rocks that they have undergone low 
grade metamorphism. Furthermore the rocks of Sardinia Bay Formation represent the lower 
most part of the Table Mountain Group in the east and consist of abundant trace fossils. 
D. Peninsula Formation 
According to Thamm and Johnson (2006) the Peninsula Formation is the main unit of the Cape 
Supergroup. It comprises of coarse-grained quartz arenite with minor shale in places and 
discrete thin beds of matrix-supported conglomerate with small pebbles (Jia, 2007). Johnson 
(1976) cited in Thamm and Johnson (2006) found that the Peninsula Formation attains a 
maximum thickness of 2700 m in the east and 2000 m in the west. However, these findings are 
different to those found by Jia (2007) where this has been reported to reach a thickness of about 
1800 m in the west. 
E. Pakhuis Formation 
The Pakhuis Formation is a glacial sequence that occurs at the highest points of the Table 
Mountain with a maximum thickness that ranges between 20 - 80 m (Blignault and Theron, 
2010). It is characterised by clusters of angular boulders and pebbles of quartz rich sandstone 
with mudrocks and tillite. Blignault and Theron (2010) suggest that the Pakhuis Formation is 
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of glacial origin with special features including, penecontemporaneous folding, an erosional 
unconformity and uniform lithological character of the sandy diamictites. Linol et al. (2016) 
reveal that the rocks of Pakhuis Formation records glaciation and deglaciation of Gondwana.   
F. Cedarberg Formation 
Johnson (1976) reported that fine grained shale of Cedarberg Formation is visible at the base of 
the formation with irregular small isolated pebbles that grade upwards into coarser silty 
material. According to Jia (2007) the Cedarberg Formation terminates the repetitious arenitic 
character of the Palaeozoic Table Mountain with 50 - 120 m thick siltstone, shale, and silty 
sandstone. Similarly to the underlying Pakhuis Formation the rock of Cedarberg Formation 
marks glaciation and deglaciation event of Godwana 444 Ma (Linol et al., 2016). 
G. Goudini Formation (Nardouw Subgroup) 
The Silurian age Goudini Formation of the Nardouw Subgroup ranges from reddish-brown 
shale that is intercalated within quartzose sandstones (Thamm and Johnson, 2006). According 
to Hunter and Lomas (2003) the formation is predominantly composed of shale and quartzitic 
sandstones that are frequently cross-bedded and often display a red to brown weathering colour 
due to high levels of iron. Rubidge (2010) points out that the trace fossils assemblages 
(invertebrate trace fossils) present in the Goudini Formation are indicative of intermittent 
marine influence, while the bulk of the succession is probably fluvial origin. Thamm and 
Johnson (2006) report that the entire succession of Goudini Formation reach a thickness of 300 
m in the east and 200 m in the west. 
H. Skurweberg Formation  
The Skurweberg Formation comprises of thick bedded, white sandstones and quartzites. 
Lochner (2010) observed that the rocks in this unit display a well developed unidirectional 
cross-bedding and the entire succession has a thickness of 200 m - 400 m. Sedimentological 
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features present in these rocks suggest that deposition of the sediments occurred across an 
extensive alluvial braid plain (Lochner, 2010). 
I. Baviaanskloof Formation  
This occurs in the east and is characterised by pale coloured quartzitic sandstones and greyish, 
impure wackes that display a massive, ripple cross lamination (Lochner, 2010). According to 
Thamm and Johnson (2006) the formation reach a maximum thickness of 200 m and comprise 
of thick bands of micaceous shales alternating with dark grey to black carbonaceous shales. 
Lochner (2010) explains that the presence of abundant shelly fossils which include brachiopods, 
trace fossils and wave ripple lamination indicate shallow marine origins for sandstones while 
the dark grey to black shale maybe of lagoonal origin. 
 
2.2.2 Bokkeveld Group 
The Bokkeveld Group is the middle unit of the Cape Supergroup. It overlies the Table Mountain 
Group conformably and is in turn conformably overlain by the younger Witteberg Group. It is 
divided into three subgroups (see Table 2.2), these are, the basal Ceres Subgroup which is 
present in both the west and eastern side. The Bidouw Subgroup which was deposited in the 
western side on top of Ceres Subgroup. The Traka Subgroup which is the lateral equivalent of 
the Bidouw Group and is present in the east. Fourie (2010) indicate that the Devonian marine 
Bokkeveld Group display five upward coarsening cycle with each having characterised by 
shales that grades into siltstones and immature feldspathic sandstop at the top. Based on 
differences on sedimentation style between Table Mountain and Bokkeveld Group it is inferred 
that the basin must have distabilised during the the transition from Table Mountain to 
Bokkeveld sedimentation, thus resulting to transgression and regression (Fourie, 2010). 
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Table 0.2: The lithostratigraphy of the Bokkeveld Group, m is the thickness (after Thamm and 
Johnson, 2006). 
 
A. Gydo Formation 
The Gydo Formation is present at the base of the Bokkeveld Group, where it overlies the 
Nardouw Subgroup of the Table Mountain Group conformably (Fourie, 2010). At the base the 
formation is characterised by a succession of dark mudrocks, coarsening upwards to siltstone 
and subordinate sandstone with invertebrate fossils in places (Fourie 2010; Johnson, 1976). 
According to Fourie (2010) the mudrocks of Gydo Formation show no identifiable structures 
but indicate sporadically horizontal lamination whereas the siltstone of the same formation 
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displays hummocky cross-stratification, horizontal and ripple lamination, as well as current- 
wave ripples. Theron (1972) suggest that the formation was formed by progradation of a delta. 
Fourie (2010) argue that the sedimentological and palaeontological features present in the Gydo 
Formation are common features that would form if sediments were deposited on delta- slope 
inner shelf environment. On the other hand, Thamm and Johnson (2006) point out that the 150 
m - 600 m thick layers of Gydo Formation represent shelf muds deposited in moderate water 
depths. 
B. Gamka Formation 
The Gamka Formation is up to 70 m and 200 m thick in the west and east, respectively and is 
presented on the lower cycle by dark band of muddy, fine-grained feldspathic sandstone which 
rests conformably on top of the Gydo Formation (Thamm and Johnson, 2006). Fourie (2010) 
noted that this formation forms the top part of the lower upward coarsening cycle of the 
Bokkeveld Group and consist of medium to very fine grained, feldspathic sandstones, minor 
mudrocks and siltstones.  
Moreover, Theron (1972) investigated the rocks of Gamka Formation and observed that they 
display horizontal lamination, planar and trough cross-bedding. Thus suggesting that they are 
of marine origin. In support of Theron (1972) findings, Thamm and Johnson (2006) point out 
that the underlying Gydo and overlying Voorstehoek together with Gamka Formation constitute 
the brachiopod assemblage zone (marine fossils). 
C. Voorstehoek Formation 
Mudrocks and siltstones with subordinate sandstone are the dominant rocks in this unit with 
maximum thickness of 300 m in the east (Theron, 1972). The Voorstehoek Formation represents 
the lower part of the middle upward-coarsening cycle of the Bokkeveld Group and rest 
conformably on top of the Gamka Formation. Fourie (2010) points that the fossil content and 
sedimentary structures such as bioturbation, horizontal and ripple lamination, hummocky cross-
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stratification present in this unit suggests that the formation was laid down in marine 
depositional environment. 
D. Hex River Formation  
The Hex River Formation occurs conformably over the Voorstehoek Formation. It comprises 
of pale grey feldspathic sandstone with subordinate thin bands of siltstone and conglomerate 
(van Wieringen, 2011). According to van Wieringen (2001) the 60 m thin Hex River Formation 
displays hard weathering resistant character with visible planar cross-bedding, trough cross-
bedding, horizontal and ripple lamination. Fourie (2010) concludes that the Hex River 
Formation sediments were deposited as barrier beach tidal and shoreface sands in a delta 
platform. Such conclusion follows Fourie (2010), Thamm and Johnson (2006) and Theron 
(1972) observations on the types of fossils and sedimentary structures that exist in this unit. 
These include Skolithos, Paleophycus, and Austrolocealia (Mutationella Range Zone). 
E. Tra-Tra Formation  
The Tra-Tra Formation together with overlying Booplas Formation form the upper part of the 
upward coarsening cycle of the Bokkeveld Group. The rocks of Tra-Tra Formation are believed 
to be marine environment (inner shelf environment) deposits with a thickness of 85 m in the 
west and that of 350 m in the east (Fourie, 2010; Thamm and Johnson, 2006). The formation 
comprises of mudrock and siltstone with subordinate sandstone displaying common 
sedimentary structures such as hummocky cross stratification, wave and current ripples, and 
horizontal lamination. Through analysis of such structures and common fossils (brachiopods, 
traces of spirophyton and plant fragments) found in Tra Tra Formation, conditions (marine) that 
existed during deposition of the formation were revealed (Theron, 1972). 
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F. Boplaas Formation  
The mudrock and subordinate siltstone of Booplas Formation are the youngest unit in the Ceres 
Subgroup and are generally more chemical and mineralogical mature towards the top (Thamm 
and Johnson, 2006). The entire succession represents the top part of the upward coarsening 
cycle; it overlies the Tra-Tra Formation conformably and is in turn overlain by Wamboomberg 
Formation of the Bidouw Subgroup (Fourie, 2010). 
G. Wamboomberg Formation   
The Wamboomberg Formation is characterized by three distinct units, the older unit comprises 
of dark grey siltstone and quartz wacke with thin shale intercalations at the base. While the 
overlying middle unit has carbonaceous shale and mudstone, it is in turn overlain by layers of 
intercalated siltstone and shale of the upper unit (Fourie, 2010). The Wamboomberg Formation 
and the comformably overlying Wuppertal Formation make the fourth upward coarsening cycle 
of the five cycles that exist in Bokkeveld Group and the fossil content present in this unit suggest 
marine depositional environment (Tankard and Barwis, 1982; Theron and Lock, 1988; Theron, 
1972). 
H. Wuppertal Formation 
The greyish brown Wuppertal Formation micaceous quartz wacke, siltstone and subordinate 
shale conformably overlie the Wamboomberg Formation with maximum thickness of 70 m 
(Thamm and Johnson, 2006). According to Almond (2012) medium-grained and thin bedded 
rocks of this unit display horizontal and ripple cross lamination with evidence of bioturbation. 
Fourie (2010) interpret these rocks to have been deposited in a marine setting with sedimentary 
structures resembling structures that would form by near shore processes. The Wuppertal 
Formation together with underlying Wamboomberg Formation form the upper part of the fourth 
upward coarsening cycle of the Bokkeveld Group with fossils such as invertebrate tracks and 
trails, and also plant fragments common throughout the unit. 
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I. Klipbokkop Formation 
The Devonian age Klipbokkop Formation together with conformably overlying Osberg 
Formation are present at the base of the fifth upward coarsening cycle of the Bokkeveld Group. 
It is characterised by a brown grey mottled impure sandstone, shale, and siltstone. These rocks 
are reported by Almond (2012) to display ferruginous nodules and honeycomb weathering, thus 
indicating great exposure to weathering. Moreover, the sandstone beds are reported to show 
cross bedding as well as oscillation and current ripple marks. Fourie (2010) interprets the 
Klipbokkop Formation to be a progradational delta succession, hence common fossils such as 
invertebrate tracks and trails are common in this unit. 
J. Osberg Formation 
The medium to coarse grained grained feldspathic sandstone and quartz wacke of the Osberg 
Formation rests conformably on top of the Klipbokkop Formation, where it attains a maximum 
thickness of 55 m towards the south and the north (Fourie, 2010). 
Common sedimentary structures such as trough and planar cross bedding, ripple marks and 
erosional channels, as well as plant fragments and invertebrate burrows are present in this unit 
(Vorster, 2013). Theron (1972) pointed out that the deposition of sediments must have occurred 
in shallow marine environment and were later reworked by longshore currents. 
K. Karooport Formation  
According to Fourie (2010) the Karooport Formation represents the top layer of the subgroup 
and terminates the Bokkeveld Group sedimentation.  It is characterised by micaceous siltstone, 
quartz arenite and minor shale bands that display cross lamination as well as erosional structures 
with preserved impressions of plant fragments. Voster (2013) describes the depositional 
conditions of Karooport sediments to have been laid on tidal flat, delta front, prodelta and 
marine shelf environment. 
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L. Karies Formation 
The Karies Formation rich a maximum thickness of 1300 m and comprises of dark coloured 
layers of fine graded rhythmite and shale that display a silty and lenticular character towards 
the top of the formation. It has been proposed that the entire unit had been deposited in outer 
offshore environment with rhythmite indicating low energy environment, probably in deep 
water (Johnson, 1991; Thamm and Johnson, 2006). 
M. Adolphspoort Formation 
The 600 m thick Adolphspoort Formation consists of dark-grey and fine grained sandstone. It 
forms the middle unit of Traka Subgroup, intercalated in between by Karies at the base and 
Sandpoort on top. Thamm and Johnson (2006) observed that this unit reflects positive 
weathering when compared to other bounding units. Deposition of Adolphspoort Formation is 
considered to have occurred on a pro-delta slope (Hattingh and Fourie, 2010). While Gess 
(2016) interpreted these sediments as  marginal marine delta top deposits. 
N. Sandpoort Formation 
The Sandpoort Formation is characterised by grey to reddish micaceous mudrock and 
interbedded quartzitic sandstone. The rocks of this unit are described by Johnson (1991) and 
Thamm & Johnson (2006) to be lenticular bedded and display coarsening-upward cycle. 
Deposition of Sandpoort Formation could be considered to have occurred in an array of near-
shore depositional environments, including a delta-front platform, tidal flat and interdistributary 
bay (Vooster, 2013). 
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2.2.3 Witteberg Group 
The Late Devonian-Early Carboniferous age Witteberg Group marks the end of deposition in 
the Cape Supergroup (Gess, 2016). The group attains a maximum thickness of 1700 m, while 
in the eastern part it has been reported to reach a maximum thickness of 2600 m (SACS, 1980). 
The arenaceous Witteberg Group conformably overlie the argillaceous strata of the Bokkeveld 
Group by layers of shales, thin-bedded reddish-greyish siltstones and interbedded thin beds of 
quartzites. Many of the latter are described by Lubke and De Moor (1998) to display well 
developed ripple marks on bedding planes while mudrocks and siltstones showing structures 
such as flat bedding, wavy and micro cross-laminations. Thamm and Johnson (2006) divide the 
Witteberg Group into Weltevrede Subgroup, Witpoort Formation, Lake Mentz and the 
Kommadagga Subgroup (see Table 2.3). 
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Table 0.3: The lithostratigraphy of the Witteberg Group, m is the thickness (after Thamm and 
Johnson, 2006). 
 
A. Wagen Drift Formation 
The Wagen Drift Formation occurs at the base of the Witteberg Group in the western part. It is 
characterised by layers of shale and siltstone that are interbedded with fine grained quartzitic 
sandstone. The shale bands indicate some evidence of bioturbation and marine invertebrate 
fossils such as molluscs, trilobites, brachiopods can also be seen (Thamm and Johnson, 2006). 
B. Blinkberg Formation 
The 100 m thick succession of the Blinkberg Formation overly the Wagen Drift with white layer 
of quartz arenite that is interbedded with subordinate siltstone and thin bedded conglomeratic 
sandstone (Vooster, 2013). Common sedimentary layers include medium- angle cross 
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lamination and compound wave ripple lamination. Trace fossils and lycopod stems are also 
known to occur (Almond, 2012). 
C. Weltevrede Formation 
It conformably overlies the Blinkberg Formation and is in turn overlain by Swartruggens 
Formation (Thamm and Johnson, 2006). The unit is 300 m thick and consists of thin bedded 
layers of mudrock and sandstone. The unit is described by Thamm and Johnson (2006) to be 
characterised by rhythmites and thick bedded quartzitic sandstone towards the top. Some trace 
fossils and lycopod stems have been preserved (Vorster, 2013).  
D. Swartruggens Formation  
The Swartruggens Formation is overlain marker quartz arenite of Witpoort Formation. This 300 
m thick unit comprises of a layer of sandstone, rhythmite and interbedded thin beds of mudrock 
capping the Weltevrede Subgroup (Thamm and Johnson, 2006). 
E. Witpoort Formation  
According to Thamm and Johnson (2006) the Witpoort Formation is divided into two members, 
that is, the upper Skitterkloof and lower Rooirand Member. The latter is described to have thick 
light coloured quartzites whose origin is believed to be from mature quartz sand that 
accumulated along sandy shoreline while the former is characterised by thin conglomerate beds 
that cap the Witpoort Formation (Vorster, 2013).  Thamm and Johnson (2006) report that the 
Witpoort Formation attains a maximum thickness of 400 m in the west and progressively 
becomes thicker towards the eastern side where it reaches 850 m. 
F. Kweekvlei Formation 
At the base of Lake Mentz Subgroup lies the Kweekvlei Formation, which comprises of dark-
grey, fine grained micaceous mudrock that grade upwards into overlying shale and sandstone 
of Floriskraal Formation.  Common sedimentary structures include micro-cross lamination and 
ripple marks.  
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H. Floriskraal Formation 
The Floriskraal Formation is defined by upward coarsening cycle of white, cross- stratified 
quartz arenite and interlayered reddish silty massive bedded and wave ripple mudrocks (Thamm 
and Johnson, 2006). The rocks of this unit have been reported to have been deposited in shallow 
marine environment where accumulation reached a maximum thickness of 120 m. 
I. Waaiport Formation 
The Waaiport Formation rests on top of Floriskraal Formation with layers of dark grey, 
lenticular bedded mudrock and feldspathic sandstone (Thamm and Johnson, 2006). This unit is 
present at the top part of Lake Mentz Subgroup with a thickness of 250 m in the west and a 
maximum thickness of 460 m towards the east. Changes in depositional conditions from shallow 
marine to lagoon setting resulted in the deposition of Waaiport Formation.  Evidence of plants, 
eurepterids, palaeomiscoid and ancanthodian fish is present in some parts of this formation 
(Thamm and Johnson, 2006). 
J. Miller Formation 
The Miller Formation has a thickness of 10-95 m and is present at the basal part of Kommadagga 
Subgroup. It is characterised by lenticular small pebbly, dark grey, sandy diamictites of glacial 
origin (Vorster, 2013). The diamictite of this unit is reported by Thamm and Johnson (2006) to 
be different to that of the Dwyka series due to their small size pebbles that are composed mainly 
of quartz and black chert. 
K. Swartwaterspoort Formation 
Chaotic bedding and convulated intraformational folds are common sedimentary structures in 
the rocks of Swartwaterspoort Formation (Almond, 2013). Thamm and Johnson (2006) describe 
this unit to comprise of 6 m -10 m pale thin, pebbly, laminated quartzite that interfinger with 
strata of the Miller Formation. Almond (2013) link folding of Swartwaterspoort Formation 
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rocks to slumping or subglacial deformation while the horizontal laminated pebbly sands are 
believed to originate from beach setting. 
L. Soutkloof Formation  
The 45 m -165 m thick Soutkloof Formation overly the Swartwaterspoort Formation with grey, 
thin, laminated offshore layer of mudrock and glacial related varved rhythmites at the base 
(Almond, 2006). According to works of Thamm and Johnson (2006) the rocks of the Soutkloof 
Formation display upward coarsening cycle. 
M. Dirkskraal Formation  
The fine to medium grained, well sorted,  grey, feldspathic to lithofeldspathic sandstone of this 
unit cap the Kommadagga Subgroup.  Johnson and Le Roux (1994) proposed that the sediments 
of this unit were laid either on a shallow shoreface or beach setting where accumulation reached 
a considerable thickness of 110 m. 
2.3 GENERAL GEOLOGY OF THE KAROO SUPERGROUP 
The Karoo Basin forms the thickest and most complete stratigraphic sequence of several 
depositories of the Permo-Carboniferous to Jurassic age in the south-western Gondwana 
(Catuneanu and Elango, 2001). This sedimentary sequence reaches a maximum thickness of up 
to 5 km in front of the Cape Fold Belt and reflect a variety of palaeo climatic conditions and 
depositional environments from glacial to marine, deltaic, fluvial and aeolian (Smith et al., 
1993; Bezuidenhout et al., 2016). These palaeo environments have been described by Lionel et 
al. (2016) to reflect a special time in the history of Earth during which the supercontinent 
Gondwana amalgamated and broke-up (750- 130 Ma). Geel et al. (2014) further indicate that 
the Karoo Basin records 100 million years of sedimentation. 
The Karoo Supergroup is subdivided stratigraphically into five main major groups with 
subgroups, formations and members within the major groups. The basal part of the Karoo is 
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marked by the Late Carboniferous glacial deposits of the Dwyka Group. These glacial Dwyka 
Group diamictites mark the beginning of deposition in the main Karoo Basin and are overlain 
conformably by the Permian marine shale, mudrock, sandstone and rhythmite units of the Ecca 
Group (Smith et al., 1993). The Late Permian - Early Triassic Beaufort Group was emplaced 
on fluvial environment on top of the Ecca Group (Smith et al., 1993).  Immediately above the 
Beaufort Group is the Stormberg Group of the Middle Triassic age and in turn overlained by 
the younger Drakensberg Group, which is the last set of rocks to be deposited in the Karoo 
Supergroup. The latter is believed to have formed during Late Triassic - Early Jurassic period 
(183 Ma) through extrusion of magma along fissures and cracks (Drakensberg lava), thus 
capping the Karoo sedimentary rock with approximately 1400 m thick layer of basalts (Van der 
Merwe et al., 2009). 
2.3.1 Dwyka Group 
Linol et al. (2016) describe the Dwyka Group to be the lower most units of the Karoo 
Supergroup that have been deposited between the mid Carboniferous to Early Permian. This 
unit consists predominantly of massive diamictite of glacial origin and subordinate varved 
deglaciation shale and sandstone units with a maximum thickness of 800 m (Toerien and Hill, 
1989; Visser, 1989; Linol et al., 2016). Based on new borehole analysis Linol et al. (2016) 
indicate that the Dwyka Group comprises of angular to subrounded pebbles (0.5-7 cm) of 
quartzite and granite, supported by dark grey-black argillaceous matrix. Deposition of the 
Dwyka Group marks the first deposition in the Karoo Supergroup. Geel et al. (2014) reveal that 
deposition of the Dwyka Group diamictites followed after the development of the shallow sea 
which resulted from deglaciation. 
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2.3.2 Ecca Group 
The Ecca Group is marked by the lower most black, organic rich shales directly above the 
Dwyka Group. Linol et al. (2016) point out that the lowermost shales of the Ecca Group 
represent short-lived marine environment which resulted from rapid deglaciation of ice cap that 
covered the surface during Late Devonian to Mid Carboniferous. Geel et al. (2014) indicate that 
these Permian age, lowermost, argillaceous units are characterised by black, organic rich shales 
that weathers white and thinly grey laminated shales with intercalated tuff and sandstones in 
places. The mid to upper most units of the Ecca Group are more areneaceous, thicker and reflect 
transition into fluvial environments (Linol et al., 2016; Visser, 1989). Visser (1989) describe 
these units to comprise of dark-grey silty shales with intercalated fine grained sandstone and 
carbonaceous mudstones. In the southern part of the basin these deposits reflect outer fan 
turbidites that grade into shallow shelf slope sediments towards the north (Linol et al., 2016). 
Visser (1989) divides the Ecca Group into southern and northern facies. The study area belongs 
to the southern facies and it comprises of the Prince Albert, Whitehill, Collingham, Ripon and 
Fort Brown Formation. 
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Table 0.4: The lithostratigraphy of the Ecca Group, m is the thickness (extracted from 
Johnson and Thamm, 2006).  
The pink shaded blocks indicate identified formations within the area under investigation. 
A. Prince Albert Formation 
The Prince Albert Formation marks the first deposition in the Ecca Group and overlies the 
Dwyka Group comformably. It is characterised by laminated, olive grey mudstone that becomes 
darker and brownish towards the top of the unit (Visser, 1989; Geel et al., 2014). The results 
from analysis of a newly drilled borehole on the Ecca near Jansenville Town indicate that the 
mudstones comprise of high concentration of quartz and mica with intercalated iron bands 
resulting from oxidation of pyrite (Geel et al., 2014). Visser (1989) and  Schulz et al. (2016) 
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point out that the low concentration of sulphur towards the top section of the Prince Albert 
reflects deposition in the body of water. 
B. Whitehill Formation 
The Permian age, TOC rich (4.5%) Whitehill Formation comprises of fine grained, finely 
laminated black carbonaceous shale that weathers white when exposed to the atmosphere due 
to oxidation of pyrite to gypsum (Geel et al., 2014; Schulz et al., 2016). According to Visser 
(1990) cited in Geel et al. (2014) the rocks of the Whitehill were deposited in an anoxic 
environment. Chukwuma and Bordy (2016) indicate the anoxic model that is linked to the 
depositional setting of the Whitehill Formation needs refinement to account for the greater ratio 
of  siltstone and fine grained sandstone to the black shale.   
C. Collingham Formation 
The 30 - 70 m thick Collingham Formation rests directly above the Whitehill Formation and 
form a sharp comforble contact (Visser, 1989). The formation comprises of rhythmically, 
alternating, thinly, laminated beds of shale with intercalated yellow, taffeceous material  and 
interlayered siltstone and sandstone (Visser, 1989; Black et al., 2016). According to Black et al. 
(2016) the Collingham Formation is divided into three members, the lower Wilgehout, Zoute 
Kloof and Buffels River Member. The Wilgehout is marked by a pencil weathering of well 
layered shales with intercalated tuff and fine grained sandstone. The middle Zoute Kloof and 
younger Buffels River Member comprises of thinly laminated alternating beds of siliceous shale 
with subordinate chert and  tuff (Black et al., 2016). Moreover, the presence of glauconite in 
the Collingham Formation is believed to characterise deposition of sediments in an intermediate 
alkaline, slightly reducing environment (Black et al., 2016). 
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D. Ripon Formation 
The Ripon Formation comprises of fine to very fine grained sandstones with interbedded clastic 
rhythmites and mudrocks (Black et al., 2016). Black et al. (2016) pointout that the Ripon 
Formation is divided into three members including the Plutos Vale, Wonderfontein and 
Trumpeters Member with an overall thickness of 1000 m on outcrops present in the east of the 
basin. 
E. Fort Brown Formation 
The Ripon Formation has a maximum thickness of 1500 m and comprises of rhythmically 
layered, blue-grey shale and interlayed sandstone (Visser 1989; SACS, 1980). 
2.3.4 Beaufort Group 
In the main Karoo Basin, the Permian-Triassic rocks of the Beaufort Group are marked by a 
conformable abrupt contact directly above the Ecca Group (Adams et al., 2001; Jirah, 2013). 
These rocks include, sandstone, shale, mudstone and siltstone units. Johnson et al. (2006) 
recognises two subgroups in the Beaufort Group, namely, the lower Adelaide and upper 
Tarkastad Subgroup. The former, also crops out in the western portion of the main Karoo Basin 
and is represented by Abrahamskraal and Teekloof Formations. While the latter, comprises of 
Koonap, Middleton, Balfour Formation in the eastern part of the main Karoo Basin. 
2.4 GEOPHYSICAL STUDIES CONDUCTED IN THE KAROO SUPERGROUP  
Ground breaking geophysical studies on the Karoo Basin were first conducted by Beattie during 
the year 1909 in which a large terrestrial E-W trending magnetic anomaly was revealed and it 
was latter referred to as the Beattie Magnetic Anomaly (BMA). The BMA is present on the 
southern part of South Africa, its signature across the Karoo strata in a E-W striking direction. 
However, since the discovery of BMA its source remains unclear with several hypotheses 
proposed to account for the causative body of the BMA. Scheiber-Enslin et al. (2015) suggest 
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the source of BMA to be an exposed suprarcrustals, migmatites, and shear zones within the 
underlying Natal thrust terranes. While Lindique et al. (2011) point the source to a massive/ 
disseminated ore body that is confined within the Namaqua Natal Metamorphic Belt (NNMB). 
Pitts et al. (1992) and Harvey et al. (2001) attribute the source to be serpentinites present on the 
southern boundary of NNMB. Despite several different proposed hypotheses regarding the 
source of BMA, it has been noted that they all locate the causative body within the NNMB. 
Lindique et al. (2011) carried out geophysical investigation across the southern Karoo Basin 
involving two parallel geophysical lines in a N-S striking direction. The purpose of this work 
was to construct a deep crustal section to resolve geological features at depths. 
A crustal model derived from a joint interpretation of various datasets including, aeromagnetic, 
magnetotelluric, shallow P and S wave velocity, wide angle refraction data, regional seismic 
profiles and surface geology revealed that the Cape Fold Belt (CFB)/ Karoo Basin represent a 
Jura type fold that might have formed due to continent-continent, arc collision or suturing of 
the Cape Fold Belt with subduction to the south. However, the latter opposes the retro arc 
foreland structure of the Karoo Basin as proposed by Johnson et al. (1997), Tankard et al. (2009) 
and Catuneanu et al. (1998). 
Most importantly the work carried out by Lindique et al (2011) revealed that the source of E-
W trending BMA is confined within the Namaqua Natal Metamorphic Belt (NNMB) and it has 
been interpreted as a massive/disseminated deformed sulphide-magnetite ore body with 
metasomatic overprint. This appears to be feasible with available newly derived information 
from seismic reflection data models which indicates that the NNMB continues below the CFB 
tectonic front (Lindique et al., 2011), thus disputing Pitts et al. (1992) and Harvey et al. (2001) 
that the source of BMA might be serpentinites that define the southern boundary of NMMB. 
Seismic models by Stankiewiczs et al. (2008) and Lindique et al. (2011) along IyA- 200501 
images the BMA at approximately 15 km beneath the surface and characterises thrust faults. 
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These thrust faults are described by Linol et al. (2016) to have caused duplication of the Cape 
and Karoo sequences in the south to more than 12 km.  More importantly with regards to scarcity 
of water in the Karoo, the MT resistivity sections along IyA-200501 indicate the presence of 
high resistive anomalies beneathe the CFB and these have been interpreted to be saline water 
reserves (Weckman et al., 2012). 
The work of Scheiber-Enslin et al. (2015) sheds a light through the use of borehole and 
reflection seismic data that the Karoo Basin deepens to as much as 4000 m in the southwest and 
to at least 5000 m in the south eastern part with sediment thickness between 5500 to 6000 m. 
The Whitehill Formation, a target for shale gas exploration occurs between the depth of 3000 
and 4000 m in southwest, while in the southeast this increases more than 5000 m 
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MATERIALS AND RESEARCH METHODOLOGY 
3.1 INTRODUCTION 
This chapter provides an overview of the research methods and field equipment that have been 
used in this study to achieve its aims and objectives. These include geophysical and geological 
methods. 
3.2 RESEARCH INSTRUMENTS 
 Geological compass – for measuring strike and dip 
 Global Positioning System (GPS) 
 Geological hammer 
 Petrographic Microscope 
 Adam Equipment 4502e Digital Balance – weighing scale for measuring rock mass 
 Density bottle (30 ml) 
 Digital camera 
3.3 DESKTOP STUDY 
A desktop study has been done throughout the course of the project, this involved consultation 
of books and online research papers to acquire geological and geophysical background 
knowledge of the area. Magnetic and gravity datasets used in this study to generate maps and 
models were processed and analysed through the aid of Geosoft Oasis Montaj. 
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3.4 FIELD RECONNAISSANCE 
Photographs of rock outcrops were taken and about seventy-one fresh rock samples were 
collected in the field for density measurements and thin section analysis, GPS coordinates with 
elevation were also collected. Sedimentary structures that were observed in the field gave clues 
of paleocurrent directions and were used to describe depositional environments of various rock 
units. The gridded magnetic and raw gravity datasets that were used in this research for surface 
and subsurface investigation were obtained from the Council for Geoscience (CGS).  
3.5 LABORATORY STUDY  
The work that has been conducted in the laboratory involves the following: 
 Preparation of 26 thin sections for interpretation under a petrographic microscope. The 
results of these are presented in Appendix A (pages 140-171). 
 Preparation of 17 samples for XRD analysis. The XRD patterns are presented in 
Appendix C (pages 189-206). Some of the XRD results are discussed in Appendix A 
with petrographic results. 
 Laboratory density determination and porosity calculations. The expression of densities 
(dry, wet, and particle), porosity and the results are given and discussed in Chapter IV. 
3.6 APPLICABLE GEOPHYSICAL METHODS IN THIS STUDY 
This study uses existing geophysical data (gravity and magnetic) to investigate the surface and 
subsurface geology of the study area. The gravity and magnetic theory is given in Appendix A.  
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DENSITY MEASURENTS AND POROSITY 
4.1 INTRODUCTION 
The density of rocks is regarded as an important property in geological and geophysical studies. 
Variations in density aids in identification of various rock types, as well as in interpretation of 
crustal gravity anomalies across different rock strata. It is therefore the purpose of this section 
to determine and provide precise density values of various rock types collected within the study 
area. This section also seeks to establish an existing relationship between the density and 
porosity of rocks within the area under investigation.  
Density is a mass of a substance per unit volume and is given by the expression  𝜌 =  
𝑚
𝑉
 , 
where 𝜌  is the density, m the mass, and 𝑉 denotes volume. In rocks, their bulk density depends 
on the individual grain densities, matrix, porosity and fluids within pore spaces. Thus variations 
in the density of rocks is essential in geological and geophysical studies. For example, the 
knowledge of rock density aids in meaningful interpretation of lithospheric gravity anomalies.  
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Table 0.1: The approximate densities of various rock types (Musset and Khan, 2000). 
Material     Density (g/cm3)  
 
Unconsolidated 
      
 
 
Clay      1.5 - 2.6   
Sand, dry      1.4 - 1.7   
Sand, saturated      1.9 - 2.1  
        
Sediments        
Chalk          1.9 - 2.5  
Dolomite         2.3 - 2.9  
Limestone      2.0 - 2.7  
Salt      2.1 - 2.6   
Sandstone      2.0 - 2.6   
Shale      2.0 - 2.7   
Coal      1.1 - 1.8   
        
Igneous and         
Andesite      2.4 - 2.8   
Basalt      2.7 - 3.0   
Granite      2.5 - 2.8   
Peridotite 
 
     2.8 - 3.2   
Metamorphic 
Quartzite 
      
2.6 - 2.7  
 
Slate      2.6 - 2.8   
Gneiss      2.6 - 3.0   
        
Minerals and ores        
Barite      4.3 - 4.7   
Chalcopyrite      4.1 - 4.3   
Haematite      4.9 - 5.3   
Magnetite      4.9 - 5.3   
        
Other        
Oil          0.6 - 0.9   
Water      1.0 - 1.05   
     
 
It is evident from Table 4.1 above, that sedimentary rocks have the least average density which 
ranges between (1.1- 2.9) g/cm3, compared to densities of other rock types. For example, the 
density of igneous and metamorphic rocks ranges between (2.4-3.2) g/cm3 and (2.6- 3.0) g/cm3, 
respectively. 
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4.2 DATA PROCESSING AND PRESENTATION 
Seventy-one rock samples were collected in the field from both the Cape and the Karoo 
sequences within a time period of six days (see Figure 4.1 for sample locations). The rock 
samples were dried in the sunlight for 3 days. Then the mass of each rock sample was weighed 
in air (Md) and when immediately submerged (Mb) in water using an Adam PGW 4520e digital 
balance. The rock samples were then soaked in a water bath for 3 days to allow them to absorb 
and be saturated with water in their pore spaces. The saturated samples were weighed (Mc) 
when submerged in the water bath. 
4.2.1 Density of water 
The density of water was determined every hour during the mass measurements of the rock 
samples. A 30 ml density bottle was used and the density values are tabulated in Table 5.2. An 
average water density  ρw = 1.017 g/cm
3 was obtained. 
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Table 0.2: The measured density of water at various times of the day in the laboratory.  
Day                  Time               Water density (g/cm3)                    Avg density (g/cm3) 
                           09:00  1.017  
                           10:00  1.017 
 Day 1       11:00  1.017     1.016 
     12:00  1.015 
     13:00  1.017 
     14:00  1.017 
                           08:00  1.014 
                           09:00  1.017 
                           10:00  1.017 
                           11:00  1.017 
 Day 2     12:00  1.017     1.016 
                           13:00  1.017 
                           14:00  1.017 
                           15:00  1.018 
                           16:00  1.017 
                           17:00  1.017 
Average density                               =1.01675                                             ≈1.017 
 
 
4.2.2 Density and porosity determination  
The dry, grain, and wet densities and the porosity were calculated using the expressions below: 
Dry density,        ρd = (
𝑀𝑑
𝑀𝑑−𝑀𝑏
) ×  ρw             
Grain or particle density,                        ρg = (
𝑀𝑑
𝑀𝑑−𝑀𝑐
) ×  ρw 
Porosity,       Ø = 1 − ( 
𝑀𝑑−𝑀𝑐
𝑀𝑑−𝑀𝑏
)  
Saturated or wet density,      ρS =  ρd +   Øρw   
where  ρw is the measured average density of water. 
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Figure 0.1: Laboratory equipment for measuring the mass of rock samples. 1 = weighing scale 
to measure the mass of rock samples; 2 = Water filled bucket to submerg the samples; 3 = 30 
mL density bottle to measure the density of water; 4 = Drum to soak the samples in water for 3 
days. 
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Table 0.3: The densities and porosity of rock types from the Cape and Karoo Supergroup. 
Group 
 
Formation 
 
No. of  
samples 
Dry density  
(g/cm3) 
Wet density  
(g/cm3) 
Particle density  
(g/cm3) 
Porosity  
    (%) 
Pre Cape rocks  4 2.694 2.699 2.706 0.5 
Table Mountain  6 2.542 2.564 2.584 1.3 
Bokkeveld  6 2.459 2.482 2.516 2.3 
Witteberg Weltevrede 7 2.322 2.334 2.348 1.1 
Dwyka  6 2.557 2.573 2.627 1.5 
Ecca Prince Albert 6 2.463 2.485 2.519 2.2 
 Whitehill 7 2.459 2.505 2.575 4.5 
 Collingham 5 2.516 2.531 2.553 1.4 
 Ripon 6 2.619 2.635 2.661 1.6 
 Fort Brown 5 2.672 2.683 2.7 0.99 
 Kookfontein 5 2.489 2.506 2.532 1.7 
Beaufort Adelaide 8 2.47 2.486 2.51 1.6 
              
 
Table 4.3 above presents average density (dry, wet and particle) and porosity measurements that were 
obtained in the laboratory utilizing Archimedes’ principle. 
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4.3 DATA INTERPRETATION AND DISCUSSION  
The rocks of the Pre Cape basement are the oldest rocks existing in the study area. The Ripon 
Formation of the Ecca Group display highest densities, followed by the Collingham and the Table 
Mountain Group. The rock densities (dry, wet and particle) withi the study area fall within the 
range of 2.2 - 2.7 g/cm3 and they follow no specific pattern with reference to the sequence of 
deposition; instead they vary from one formation to another. However, most of the formations 
that comprise of shale and mudstone have lowest densities, with a slightly higher porosity as 
compared to those of quartzite, arenite and sandstone. The black carbonaceous shale of the 
Whitehill Formation display a high average porosity of 4.5%. This is much higher than the rest 
of the average porosities (0.5% - 2.3%) shown by other formations and groups. This is believed 
to be due to high organic content within these shales. Nengovhela et al. (2016) states that 
mineralogy and cracking of organic matter due to heat affect the porosity and permeability of 
pore spaces. Mercury Intrusion porosemetry mesurements by Black et al. (2016) and  Geel et al. 
(2014)  show the porosity of 1.35 % and 0.83 % for the Whitehill shales, respectively.  Geel et 
al. (2014) measurements further reveal a porosity of 2.9 % for the lenses of dolomite in between 
the shales. 
4.3.1 Densities  
Similarly, to findings of Allen & Allen (2013) and Punmia et al. (2005) the density of rocks within 
the study area increases with an increase on stratigraphic depth. This can be seen on the rocks of 
the Karoo which show a slightly lower density than the underlying Cape Supergroup. This might 
be caused by the fact that rocks in the Cape Supergroup have undergone recrystallization as well 
as isothermal compression.  
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4.3.2 Porosity 
The black carbonaceous shale of the Whitehill Formation contains the highest porosity (4.5%) 
amongst the rocks of Cape and Karoo Supergroup. Such porosity can be explained by diagenetic 
processes, highly anoxic environment in which the Whitehill Formation sediments were 
deposited, high organic content, as well as prolonged exposure to weathering. In such conditions 
minerals such as pyrite and calcium carbonate present in the Whitehill Formation undergo 
extensive weathering through the process of oxidation in the presence of aerobic bacteria and 
other mechanisms to form gypsum (water-soluble), which later precipitate when in contact with 
water, thus opening rock pore spaces. In some instances, during the precipitation of gypsum, 
isolated/ individual pore spaces become interconnected and form a network of pores, thus 
increasing overall rock porosity. Apart from weathering effects, it is also suggested that pore 
spaces that were filled with organic matter in the Whitehill Formation might have opened up 
during the maturation process, despite being folded. 
Some of the Cape Supergroup rocks, as well as the Pre Cape basement rocks have undergone/ 
been affected by metamorphism during the Permian Cape Orogeny. At the time of metamorphism 
rocks are normally subjected to high temperatures. This results in recrystallization of minerals 
and introduce matrix between grains, thus leading to reduction of available pore spaces. Rocks 
also experience extensive compression due to folding and thickening. During this process all the 
minerals undergo distortion and flattening thereby causing reduction and / or complete removal 
of pore space. Halbich (1992) and de Wit (pers.com.2009) in Booth and Shone (2002) estimate 
the crustal shortening of the Cape strata to 70 % in the central part of Cape Fold Belt. Also, crustal 
characteristics such as folding, thickening, and faulting present in the Cape Fold Belt are an 
indication of intense intracontinental deformation upon the rocks. Therefore, it is believed that 
metamorphism must have played a significant role in reduction of observed low porosity in Cape 
Supergroup rocks as well as Pre Cape basement rocks.  
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The glacial Dwyka Group diamictite is poorly sorted in nature and comprise rock fragments of 
various origins with differing shapes and sizes. During glacial deposition smaller grains tend to 
fill spaces available in between larger grains thus reducing the porosity of sediments. It is believed 
this could be the cause of perceived low porosity in the Dwyka Group diamictite together with 
its location at bottom of the stratigraphy. The Dwyka form the basal units (basement) of the Karoo 
Supergroup, therefore the stress exerted by the overburden (Ecca, Beaufort and Stormberg Group) 
results in compaction of these sediments and it is a common knowledge that the porosity of rocks 
decreases with an increase in compaction. Observed differences in porosities between sandstones 
and shale in various formations could be accounted by the degree of sorting as well as the 
mechanisms of deposition. 
4.4 CONCLUSIONS 
Through analysis and interpretation of rock density results that were obtained from laboratory 
measurements and other properties displayed by rocks, the following deductions have been made: 
 The rocks of the Whitehill Formation exhibit the highest porosity of 4.5% amongst the 
rocks of the Cape and Karoo Supergroup. 
 The higher the organic content of the individual rock, the higher the porosity of that 
particular rock. 
 Metamorphism plays a significant role in reduction of pore spaces, whereas weathering 
increases the volume of pore spaces in rocks. 
 Slight density contrasts exist between the rocks of the Cape and Karoo Supergroup and 
amongst the rock formations within these supegroups. 
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GRAVITY METHOD, RESULTS AND INTERPRETATION 
5.1 INTRODUCTION 
The gravity method is a passive technique that measures the variations in the Earth’s gravitational 
field that arise as a result of differences in density of crustal rocks (Reynolds, 1997).  This method 
is only applicable to an area where various rock types possess a significant density contrasts. Very 
often geologic units deviate from the normal density distribution, i.e. they do not possess the same 
density within the Earth and thus causing the anomalies in gravitational field. It is these anomalies 
that are measured by instruments and can be represented in a form of gravity profiles and maps 
for interpretation.  
The gravity method is based on Newton’s Second Law and Newton’s Universal Law of 
Gravitation. The former states that a resultant force is a product of mass and acceleration i.e.  
?⃗? = m?⃗?……..………………...……………………...……………………………..…..…… (1) 
where, m is the mass and ?⃗? the gravitational acceleration. The latter states that a force of attraction 
(?⃗?) between two masses m1 and m2 is directly proportional to the product of the masses and 
inversely proportional to the square of the distance r between their centres. The Universal Law 
of Gravitation is given by; 
?⃗? =
G𝑚1𝑚1 
𝑟2
?̂? and the magnitude of  ?⃗?,  |?⃗?| = 𝐹 =
G𝑚1𝑚1 
𝑟2
 …………………...…………... (2) 
           
where G is the universal gravitational constant and has a value of 6.67×10-11 N m2kg-2, r is the 
distance between two bodies and ?̂? is a unit vector. 
Now, considering gravitational attraction between the Earth and a small body located at the 
Earth’s surface, and using equation (2), let m1 be the mass of the Earth (M) and r2 the radius of 
the Earth (R2), and m2 be the mass of the second body on the Earth’s surface. 
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This gives the magnitude of ?⃗? as:  
    𝐹 =
GM𝑚1
𝑅2
 ….………………………………………………………………………………………………………………..……….. (3) 
        
Therefore, substituting equation (1) in (3) gives  
𝑚𝑔 =
GM𝑚1
𝑅2
 ………………...…………………………………………………………………………………………………………. (4) 
   
From expression (4) one gets the gravitational acceleration g;  𝑔 =
GM
𝑅2
  
The gravitational acceleration is referred to as gravity. This g has a value of about 9.8 m/s2 and it 
would remain constant at any point on surface if the Earth was a perfect sphere with a 
homogenous mass and non-rotating. Reynolds (1997) highlights that Earth’s surface gravity is 
not a constant phenomenon. Rather it differs from one location to another. Thus changes in 
gravity of the Earth are highly influenced by imperfections of the shape and rotational movement 
of the Earth relative to the Sun and the Moon. Reynolds (1997) refers to the shape of the Earth as 
an oblate spheroid, which occurs when there is a balance between gravitational and centrifugal 
acceleration thus causing flattening of the Earth on the poles with radius of 6357 km and bulging 
on the equator with radius of 6378 km (Figure 5.1). Generally gravitational acceleration increases 
from the equator towards the poles, either south / north pole. 
  
50 
 
 
Figure 0.1: A model for a spheroid and spherical body (modified after Reynolds, 1997). 
This chapter seeks to establish the relationships between surface to subsurface geology and 
existing gravity anomalies across the area under investigation, as well as to determine the depth 
extent to the top of causative subsurface bodies for anomalies.  
5.1.1 Units for gravity field measurements 
The standard value of gravitational acceleration ?⃗? at the Earth’s surface is given at 980 cm/s2. 
Gravity measurements were initiated by Galilei Galileo (Yuri, 2009), as a consequence the gravity 
units were given as Gal (1 cm/s2) in honour of Galileo. However, with the developments in 
technology gravimeters were designed such that they are very sensitive and can measure signals 
as less than a Gal (about ten parts per million). The Gal was too large to represent small variations 
in gravity and this resulted in the introduction of a milli Gal (mGal) as a subunit, where 1 unit of 
a mGal = 1 × 10 -3 cm/s2. Since the introduction of SI units gravity has been measured in gravity 
units (g.u.) where, 
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 1 g.u. = 1 × 10 -4 cm/s2 =    1 µm/s2. 
5.1.2 Applications of gravity method  
Paterson and Reeves (1985) (cited in Keary and Brooks, 1991) point out that gravity surveys are 
employed mostly in investigations of both medium and large scale geological features. Reynolds  
(1997) indicate that this technique is specially used in mineral exploration for locating ore bodies. 
Other applications of gravity survey include, petroleum exploration (for example used to locate 
salt domes that act as cap rocks to oil and gas), to determine location of subsurface cavities, for 
mapping bedrock topography, sediment thickness and in regional geological studies to estimate 
crustal thickness. 
5.2 DATA ACQUISITION AND PROCESSING 
The gravity data used in this study were supplied by the Council for Geoscience in a form of xyz 
data file consisting of a total of 12309 gravity stations (see Figure 5.2 for the stations). The 
spacing between individual stations is approximately 1-3 km apart. All the necessary gravity 
corrections (see Appendix B for detailed description on gravity corrections) on the raw data were 
performed by the Council for Geoscience including: 
 Tidal correction 
 Instrument drift correction 
 Latitude correction  
 Free- air correction  
 Bouguer slab correction and 
 Terrain correction 
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Figure 0.2: Locations for gravity measurements.  
Figure 5.2 above shows spatial distribution of locations where gravity measurements were taken within the study 
area. Note: Due to the scale of the map, the locations of gravity measuremnts appear to be clustered in one place 
with some on top of each other. This is not the case, they are significant distance apart.  
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5.3 DATA PRESENTATION AND INTERPRETATION 
5.3.1 Bouguer gravity anomaly map 
 
Figure 0.3: Bouguer gravity map showing gravity highs and lows. Red to yellow colours represent high values 
and blue colours represent low values. 
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Figure 0.4: Regional .Bouguer gravity map showing spatial extent of the Cape Isostatic Anomaly 
(modified after Scheiber et al., 2015). Black vertical solid lines =seismic refraction profiles; black 
horizontal lines= normal faults; black lines with triangles= thrust faults; black dashed line= 
approximate northern boundary of the CFB. WM= Willowmore, SV= Steytlerville, MB= Mossel 
Bay, StF= St Francis Bay. 
The figure above (Figure 5.3) presents the gravity field map of the study area. Several 
significant zones of anomalous highs and lows are seen to occur within the study area. Notably, 
the Cape Isostatic Anomaly (CIA) which is associated with a gravity low zone that has a lowest 
value of -130 mGal in the area around Willowmore (WM)  and Steytlerville (SV) towns (Figure 
5.4). The CIA continues further to the east of the study area across the Cape Fold Belt. In the 
southern part of the area near the coast an E-W trending, strong gravity high zone of at least 50 
km width is seen with its intensity decreasing inland towards the north. Other gravity high zones 
occur on the north western part of the area. The highest gravity intensity ranges between 0 – 29 
mGal and occurs near the coast along the CFB. This is likely to be the effect of the steeply 
rising Moho near the coast as shown by seismic refraction data presented by Stankiewiczs et al. 
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(2008). Seismic refraction images show the Moho to be between  40 - 45 km  inland and 
relatively shallow (30 km) towards the coast. 
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5.3.2 Correlation of geology with Bouguer gravity  
Figure 0.5: Bouguer gravity map superimposed on geological lineaments of the southwestern Karoo Basin. 
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Some gravity anomalies viewed on the map cannot be correlated with any geology on the 
surface, therefore they are likely to be due to subsurface sources. For example, the gravity 
anomaly denoted by a white, dotted line circle in Figure 5.5 correlates with the BMA surface 
signature identified by Stankiewiczs et al. (2008) on seismic data along the seismic refraction 
profile IyA- 200501. The maximum recorded amplitude of gravity high is about 29 mGal. 
Towards the southern part, near the coast, the 50 km wide east- west trending gravity high 
coincides with the Cape Fold Belt. This signature continues along the CFB towards the east of 
the study area for several kilometres.   
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5.3.3 Gravity depth slicing  
The radially averaged power spectrum of Bouguer gravity was computed (see the curve below, 
Figure 5.6). In power spectrum the data is Fourier transformed using the methods described in 
Spector and Grant (1975) from which the averaged power spectrum is found. Four linear segments 
(depth slice 1-4) were fitted to the curve to isolate anomaly contributions to a map derived from 
source bodies in a certain depth range (see Figure 5.7). These segments correspond to the average 
depths of 1290, 2430, 7120 and 57300 m, respectively. The steep segments (depth slice 4 and 3) 
represent low frequency anomalies while shallow ones (depth slice 2 and 1) are representative of 
high frequency anomalies.  
Figure 0.6: Radially averaged power spectrum of Bouguer gravity. 
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Figure 0.7: Gravity depth slices showing changes in gravity anomalies with increasing depth. Orange dotted 
line in depth slice 4 marks the Cape Isostatic  Anomaly. 
The Bouguer gravity map of the study area is shown in Figure 5.3, the map depicts the area under investigation 
to comprise of numerous zones of anomalies. The western and southern part are dominated by appreciable 
zones of gravity highs, while the northeast and southeast corner are characterised by low gravity zones, 
specifically the CIA in the southeast. 
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Depth slices (Figure 5.7, slice 1-4), were generated from the power spectra (Figure 5.6) up to 
the depth of 5700 m. The gravity anomaly that occurs on the north eastern part of the study area 
(delineated by black dotted line on the map for depth slice 1) is seen to be well defined with 
increased intensity at 7120 m deep (depth slices 3) but has disappeared in the map for depth 
slice 4. 
Depth slice 4 at 57300 m depth shows a strong, E-W trending gravity signature in the order of 
29 mGal along the coast and it is likely to be the effect of the mantle rocks. At this depth two 
zones of gravity low are seen to occur, the Cape Isostatic Anomaly in the southeast and the 
other in the north. This reveal that the CIA is due to a very deep seated source, possibly low 
density material. Some of the high frequency anomalies are persistent up to the depth of 2430 
m (depth slice 2).  
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Figure 0.8 (a)-(d): Gravity depth slices at 9950, 15000, 20000 and 25000 m. Note: the yellow solid line represent  
the projected position and the horizontal extent of the BMA. The grey dotted line marks the boundaries of the 
Southern Cape Conductive Belt. The black solid line represent inferred BMA axis. 
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Figure 0.9 (e)-(h): Gravity depth slices at 35000, 40100, 45100 and 50000 m. Note: the yellow solid line 
represent the position and the horizontal extent of the BMA. The grey dotted line marks the boundaries of the 
Southern Cape Conductive Belt. 
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Figure 0.10:  (i)-(l): Gravity depth slices at 55000, 65100, 70000 and 80200 m. Note: the yellow solid line 
represent the position and the horizontal extent of the BMA. The grey dotted line marks the boundaries 
of the Southern Cape Conductive Belt. 
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Other depth slices of Bouguer gravity were computed to resolve the resulting gravity signatures 
at various depths beneath the sedimentary rocks (see Figure 5.7 (a)-(i), above) from about 10 
km to about 80 km depth. Generated depth slices revealed the depth spatial distribution of 
anomalous bodies. The central part of the area is marked by an east-west oriented gravity 
positive anomaly that is more or less coincident with the BMA axis.  In the northeast corner an 
oval, shaped, intense, positive anomaly exists, as well as along the southern edge of the area 
running parallel to the coast. The northern edge of the latter is roughly coincident with the 
southern boundary of the SCCB.  Another significant gravity low anomaly (the CIA) is present 
in the south eastern part of the area around the vicinity of Willowmore town.  
The depth slice at 9950 m shows clearly a zoned gravity signature following the axis of the 
BMA cutting across the centre of the area from east to west and it bifurcates into two limbs 
near its western end, with one limb passing through Sutherland and the other passing through 
Laingsburg (see black solid lines in Figure 6.8, above). At this depth the signatures of both the 
northern and southern limbs appear to be much stronger compared to that of the main signature. 
The depth of this anomaly correlates well with the depth location of the BMA as interpreted by 
Stankiewiczs et al. (2007) on seismic image along IyA-200501. Farther down to the depths of 
15000, 20000 and 25000 m the signatures from the limbs still remain stronger, however they 
seem to be isolated from the main body whose signature becomes weaker. 
At 35000 m depth a positive, y- shaped, NE–SW striking signature appears within the zone of 
the BMA, with the northern limb of the main body starting to show. This anomaly becomes 
stronger, clearer and complete at depth of 45000 m. At this depth location it appears as the 
mirror image of the BMA although the point of the birfucation of the BMA occurs about 150 
km to the west of the gravity one.  However, farther down to 45100 m depth the signature from 
the northern limb fades, thus revealing that the whole y-shaped anomaly is not resulting from a 
  
65 
 
single source body. This body continues to be visible all the way down to the depth of 80200 
m as a thick, single, ENE-WSW striking, linear anomaly with its signature becoming weaker. 
An oval shaped anomalous body of notable intensity is seen on the NE corner of the area (depth 
slice at 9950 m). The signature gradually fades with depth up to 45100 m where it is visible as 
small circular anomaly. Another zone of gravity high is on the southern part running parallel to 
the coast line. Near the surface at depth 9950 this anomaly appears to result from isolated 
smaller bodies, some preserving a circular shape while others are linear. However with 
increasing depth (depth slice 25000) the anomaly appears to be due to a single body with strong 
intensity in the centre which becomes relatively weaker towards its boundaries.  
The south eastern part of the area is marked by a gravity low zone, the CIA. The Cape Isostatic 
Anomaly begins to emerge clearly on the 35000 m depth slice and gradually decreases in size 
with increasing depth. At this depth (35000 m) other signatures of similar nature (shape and 
intensity) become visible on the northern part of the area.  
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5.4 DISCUSSION 
The Bouguer gravity map of the study area (Figure 5.3) is characterised by different patterns of 
low and high gravity anomalous values with appreciable decrease of these values from the coast 
to inland areas. The gravity high that is seen running parallel along the coast characterised by a 
long wavelength indicates its source is located very deep below the surface, possibly the moho 
which occurs at great depths inland and relatively shallow near the coast. The low values inland 
are off short wavelength probably resulting from shallow source bodies, possibly the Karoo 
dolerite intrusions.  
The gravity low anomaly (CIA) present on the southeastern part of the area is indicative of low 
density material that is present in the subsurface. The depth slicing revealed that its causative 
body occurs very deep below the surface and its signature is evident at depths of 57300 m (slice 
4, see Figure 5.6).  
5.5 CONCLUSIONS  
 The Cape Isostatic Anomaly occurring on the south eastern part of the area is likely to 
be due to deep seated low density material that mirror the mountain ranges. It is likely 
that the part of mountain ranges in the vicinity of CIA are not hydrostatically 
compensated. 
 The gravity high along the coast is associated with a long wavelength and that is an 
indication that it is possibly due to a deep seated anomalous body, probably the 
mohorovicic discontinuity. 
 Anomalous bodies whose intensity increases with depth are due to deep causative bodies 
while those that disappear result from shallow sources. 
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 Linear and circular signatures that are present in the northern part of the study area are 
likely to be due to Karoo dolerite sills and dykes. These are the common geological 
bodies in the Karoo that preserve this particular shape. 
 Some anomalies occur in places where they do not coincide with known geological 
features and they could be related to shallow or deep subsurface bodies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
68 
 
 
MAGNETIC METHOD, RESULTS AND INTERPRETATION 
6.1 INTRODUCTION 
The purpose of this section is to present the gridded regional magnetic data in the form of 
various magnetic field maps, as well as to interpret these maps and to delineate magnetic 
anomalies that may be present in the study area. The section seeks to differentiate between 
magnetic anomalies that are due to shallow/ near surface source and those that are due to deep 
seated magnetic bodies.  
The magnetic method is widely employed in day to day activities such as in investigation and 
characterization of subsurface geology. Reynolds (1997) reveals that the Chinese were the 
pioneers of magnetic technology as they used it for navigation purposes using lodestone. In 
1915 Adolf Schmidt invented a balanced magnetometer that allowed widespread magnetic 
survey to be undertaken (Reynolds, 1997). 
The magnetic method makes use of the fact that most rocks contain significant quantities of 
ferromagnetic minerals such as magnetite, hematite, pyrrhotite and others with various 
magnetic susceptibilities. The magnetic susceptibility of rocks varies with the rock type and in 
situ environment. The rocks have remanent magnetization that modifies the Earth’s field to an 
extent that can be detected at the surface with sensitive instruments (Keary and Brooks, 1991). 
Reynolds (1997) points out that the magnetic measurement can be detected in a variety of ways 
from small scale investigation such as locating subsurface pipes, cables, buried tanks and other 
metallic objects to large scale investigation which includes regional geological mapping of 
faults, dykes, geological bodies and recognition of metalliferous minerals. 
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6.1.1 Earth’s magnetic field 
According to Marshak (2008) the Earth’s magnetic field results from the Earth’s outer core 
comprising liquid iron and nickel. The flow of the liquid in the Earth’s outer core around the 
solid inner core produces electro magetic currents, which in turn generates a magnetic field. 
This mechanism is known as a Dynamo Effect. Hinze et al. (2013) indicate that the Earth’s 
magnetic field is a summation of various components that vary spatially within and outside 
Earth and these include but not limited to the Dynamo Effect and Solar activities. However the 
Dynamo effect contributes 98%  to the Earth’s field. 
The Earth’s magnetic field can be visualised as radial lines around the Earth starting from the 
north magnetic pole and ending up on the south magnetic pole. The magnetic field has its axis 
tilted from the true north in a NW-SE direction (Reynolds, 1997). Therefore, the magnetic north 
pole does not correspond with the true north and it is for this reason that a compass direction at 
any location on the Earth’s surface gives false directions and hence it must be corrected for to 
provide true directions. 
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Figure 0.1: A simple model for Earth's magnetic field illustrating the orientation of Earth's 
magnetic field (astarmathsandphysics.com. Retrieved: 03/10/2015).  
6.1.2 Units for magnetic field measurements 
The intensity of geomagnetic field is measured in Tesla (T). A Tesla is defined as the field 
intensity that is generating one newton (N) of a force per ampere (A) over a metre (m) of a 
conductor. Its unit is mathematically defined as 𝑇 = 𝑁 × 𝐴−1 × 𝑚−1 = 𝑘𝑔 · 𝑚 𝑠2⁄ · 𝐴
−1 
A magnetic field of one tesla is too large for observed magnetic field and thus a nanotesla (nT) 
was introduced as a subunit. A nT is equivalent to 1 billionth of a Tesla. 
6.1.3 Data reduction 
Observed magnetic data comprises two parts: an external and an internal component. The 
external component is due to solar activities that generate electric currents through ionization 
of atmospheric particles (Ogah and Lawal, 2012). Variations in these ionized particles is likely 
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to cause changes in the magnetic field observed on the Earth’s surface. The internal component 
is sub divided into two parts i.e. the regional and residual. The former is caused by deep 
magnetic sources, while the latter is due to near surface magnetic bodies. Therefore, in order to 
interpret magnetic data correctly the regional and residual must be separated and the temporal 
variations of Earth’s magnetic field have to be corrected (see Appendix B for details on data 
reduction).  
6.1.4 Data enhancement 
Interpretation of local magnetic variability is not obvious. Magnetic anomalies vary with 
location, shape and orientation of the causative body and they are likely to be shielded by 
signatures arising from the surroundings. It is therefore necessary to perform data enhancement 
procedures, including but not limited to reduction to pole, upward and downward continuation, 
derivatives, power spectrum, and depth slicing to allow for optimum interpretation of data (see 
Appendix B for details on data enhancement). 
6.1.5 Application of magnetic method  
The magnetic method is an excellent tool used in mineral exploration as it is capable of locating, 
for example, massive sulphide bodies (Reynolds, 1997). This method is also used mostly in 
geotechnical engineering field for site investigations such as locating faults and buried 
containers and others. This method was expected to be very useful in the area under 
investigation since the area is a sedimentary basin with magnetic effects that are due to 
sediments, basement and igneous intrusions. 
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6.2 DATA ACQUISITION AND PROCESSING 
The magnetic data used in this project to construct maps was supplied by the Council for 
Geoscience in the form of a gridded magnetic dataset. According to Ledwaba et al. (2009) 
report of the Council for Geoscience, airborne geophysical surveys were conducted between 
the years 1980s and late 1990s using a Piper Navajo (ZS MAR) aircraft with an embedded 
proton magnetometer (1 nT resolution) to detect and measure magnetic field variations. The 
surveys were conducted at a flight height between 100 – 150 m above the sea level with a line 
spacing of 1000 m in a north-south direction and the tie lines spacing of 10 000 m in a 
perpendicular direction to the flight lines.  
Data enhancement involves application of various geophysical filters to the total magnetic field 
data before any interpretation process. These include filters such as, reduction to the pole, 
derivative in x, y, z direction, analytical signal, and depth slicing.  
The supplied data shows that the study area was covered by data from three different surveys 
merged together. However, the merging process produced lineaments at the merged boundaries 
of the data here after referred to as “Artefact”. This was due to the datasets not being accurately 
adjusted to same datum.  
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6.3 DATA PRESENTATION AND INTERPRETATION 
6.3.1 Reduced to pole map  
 
Figure 0.2: A reduced to pole map of the study area showing magnetic anomalies. Figure 0.3: A reduced to pole map superimposed on selected geophysical      
features
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The maps above (Figure 6.2 and 6.3) represent reduced to pole residual magnetic field maps of 
the study area. The data has been reduced to the pole (RTP) mainly to remove the effects of 
magnetic inclination, as well as to allow accuracy in interpreting the location of magnetic 
sources relative to geologic features (see Figure 6.3). Observed magnetic data that has not been 
reduced to pole will show anomalies that are aligned with the direction of the magnetic north 
during the time of data acquisition. This does not usually reflect the true orientation of source 
bodies in the ground. It is therefore necessary to reduce the observed magnetic data to the pole 
to remove the effect of magnetic north and this will align observed anomalies with their source 
bodies.   Hinze et al. (2013) indicate that the effect of inclined magnetic field distorts the shape, 
reduce the amplitude and asymmetry of the observed magnetic anomaly and shifts the anomaly  
peak to the north in the southern hemisphere, this results in complications in interpreting the 
location and the shape of a source body. Reduction to the pole removes this effect and adjusts 
magnetic anomalies relative to the orientation of their source bodies. 
The area under investigation is characterised by numerous patchy high magnetic zones, 
including the Beattie Magnetic Anomaly (BMA). The BMA is a thin band/ a linear zone of high 
magnetic intensity, cutting across southern Africa in an east-west trending direction. Around the 
centre of the map, at Leeu-Gamka, the anomaly separates into two, north and south anomalies 
that are almost parallel to each other at its western end. This anomaly continues and extends 
farther to the east and west of the study area. 
Apart from the BMA, four zones of magnetic highs occur farther north within the study area and 
these are marked as 2nd and 3rd anomalies on the NE portion of the map, while another two sets 
of similar nature are marked as 4th and 5th anomalies in the NW part (see Figure 6.2). These 
anomalies, including the BMA record a maximum magnetic intensity of 513.4 nT. 
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6.3.2 Full horizontal magnetic derivative map 
 
Figure 0.4: Full horizontal derivative map superimposed on the geological features. Dotted black lines 
= national roads and railways. 
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The Full horizontal derivative filter aids in locating boundaries of anomalous bodies and thus 
enables estimation of the horizontal extent of such bodies as well (see Appendix B for theory). 
The magnetic map above (Figure 6.4) shows the full horizontal derivative magnetic field map 
superimposed on the geologic lineaments, including intrusions and faults. This was done to 
correlate anomalies with geological features, such as faults, dolerite dykes and sills. It has been 
observed that most of magnetic bodies are concentrated on the northern part of the map from 
latitude 32° 30′ S upwards, with very few occurring on the southern part including the BMA. 
Similarly, the signature from the BMA is not clearly visible. This might be caused by the deep 
location of its causative body. On the map above (Figure 6.4) a narrow, highly magnetic feature 
is seen starting from Beaufort West passing through Leeu-Gamka, Laingsburg and just above 
33°30′ S at the edge of the map towards southwest direction, cutting across the folded Cape 
Fold Belt. This was overlaid with the national road and railway line map of South Africa and it 
coincides exactly with the railway line which links Johannesburg and Cape Town. It could be 
due to a DC (direct current) power line. 
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6.3.4 Vertical derivative 
 
Figure 0.5: Vertical derivative map superimposed on geological features. 
Figure 6.5 represents the first vertical derivative of the magnetic field within the study area. The first vertical 
derivative filter (see Appendix B for theory) has been applied to magnetic data. It suppresses magnetic 
signatures arising from deep seated magnetic bodies and enhances those which are due to near surface bodies. 
The map has been overlain on geology, mainly to correlate anomalies with geological features, such as faults, 
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dolerite dykes and sills. It is noted that most of the magnetic anomalies exhibit ring structures, 
while others occur as thin lines and these are typical of Karoo dolerite sills and dykes, 
respectively. Some of the anomalies are in places where they do not coincide with known 
outcrops and it is inferred that these are due to shallow magnetic bodies that do not outcrop.  
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6.3.5 Analytical signal magnetic map 
 
Figure 0.6: Analytical signal map superimposed on geological lineaments. 
 
The magnetic analytic signal map of the study area is displayed in Figure 6.6 above. The analytic signal filter 
(see Appendix B for theory) has been applied to the total magnetic field data to generate a map with magnetic  
            Artefact 
Artefact 
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signatures that are independent/ free of remanent magnetization direction. The amalytic signal 
filter combines both the 
vertical and horizontal derivatives to delineate the edges/ boundaries of subsurface magnetic 
bodies. Seen from the map above (Figure 6.6) the northern part of the study area has numerous 
ring like structures which are inferred to be sills. Several lineaments are seen and these are 
possibly dykes/ faults. The inferred powerline for the railway line clearly stands out extending 
from Beaufort West through Leeu-Gamka and Laingsburg. The BMA, although its signature is 
weak, is seen as a zone of 20-30 km wide on the eastern side before its bifurcation. 
6.3.7 Depth slicing  
The radial averaged power spectrum of the magnetic data was taken in order to determine the 
occurrences of magnetic anomalies at various depth levels (see Figure 6.7 below). A total of five 
linear segments (Depth slices 1-5) were fitted to the curve, the steeper segments represent deeper 
sources (Depth slices 5 and 4) while steep to gentle segments (Depth slices 3, 2 and 1) represent 
shallow anomalous sources.  
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Figure 0.7: Radial spectrum of total magnetic field within the study area. Note: Depth slices 1 to 5 are at depths 
42, 401, 4308, 7288 and 9488 m, respectively. 
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Figure 0.8: Magnetic depth slices showing changes in the intensity of magnetic signatures with increasing depth. 
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Figure 0.9: Magnetic depth slice showing significant bifurcation of the BMA at depths. Note: magnetic signatures 
vary with increasing depth, i.e. some get stronger while others become weaker. Depths of slices were found after 
subtracting the flight height of 150 m. 
Figure 6.8 above depict the intensity of magnetic signatures at various depths. Through depth slicing, magnetic 
signatures due to near surface bodies were discriminated from those resulting from deep seated anomalous bodies. 
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Depth slices (1-4) above are populated by numerous narrow anomalies with ring and linear 
patterns which are inferred to be due to dolerite sills and dykes, respectively. These narrow 
anomalies are absent on maps for deeper depth slices (i.e. ≥ 4308 m). Signatures resulting from 
dykes that outcrop on the surface do not occur beyond 4308 m and therefore these extend from 
the surface to 4308 m depth (depth slice 1, 2 and 3 in Figure 6.8). 
The BMA shows weak intensities for the shallow depth slices (1) and (2), and its intensity 
increases with depth (e.g. Figure 6.8, slice 3). The splitting of the BMA into two at Leeu- Gamka 
is much clearer on the deepest depth slice (i.e. at 9488 m). This is an indication that its causative 
body is present deep below the surface. Similar findings are presented by Lindique et al. (2011) 
that the source of the BMA might be a deformed sulphide magnetite body occurring at mid 
crustal depth. A continuous low magnetic zone trending NW-SE borders the northern side of the 
BMA whilst its southern edge is bounded by another magnetic low zone that breaks up on the 
western edge of the map. 
Some signatures on the northern part of the maps (Figure 6.8 and 6.9) are less intense at shallow 
depth slices 1 and 2 and progressively become more intense as well as broaden with deeper 
depth slices (i.e. depth slices 3, 4 and 5). 
 
 
 
 
 
 
  
85 
 
6.4 DISCUSSION 
It is argued that some or most of magnetic signatures particularly on the northern side of the 
study area where there is high concentration of signatures are due to highly magnetic Karoo 
dolerite intrusions. Such argument is based on ring and linear orientation / shape of magnetic 
signatures seen on the magnetic map, as well as the mineralogical composition of the Karoo 
dolerite. Based on geological field mapping, it is known that the Karoo dolerites occur and or 
are present as ring-like structures for sills and as linear near vertical to vertical structures for 
dykes. When pressurised basaltic magma rose, piercing through the layered Karoo sediments it 
filled cracks, faults and hollows and formed saucer-like shaped structures. Also the 
mineralogical composition of these rocks supports this line of reasoning as the dolerite is 
comprised of a significant number of magnetic minerals, such as strongly magnetic magnetite, 
hematite, ilmenite (weak), and pyrrhotite that are present as an accessory minerals.  
Depth slicing revealed that the dolerite intrusions are pervasive in the northern part of the area 
and extend as far as 4308 m. This gives a clue that the Karoo intrusions were emplaced near the 
surface, specifically on the upper crust. Hence the magnetic signatures from dolerite dykes 
become weaker and eventually disappear beyond 4 km depth. Neumann et al. (2011), reveal that 
no occurrence of sills and dykes were found to exist in the basement of the Karoo. Knowledge 
of the depth extent of Karoo dolerite intrusions is very crucial to Karoo shale gas exploration. 
However, one cannot rely on information from depth slicing alone. Well logs and seismic data 
is necessary to get detailed information on the widespread occurrence of intrusions.  
Seen in the depth slicing maps (from depth slicing 1 through 5), the BMA signature gets stronger 
and broader with depth. Here it is argued that the cause of such phenomena lies on the causative 
body of the BMA, which is believed to be the geological body hosted deep in the  mid-crust, 
beyond 10 km depth. Lindique et al. (2011) reveal that sulphide-magnetite bodies present in the 
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Namaqua section of NMMB in the Bushmanland ore district (Broken Hill, Aggeneys, and 
Gamsberg ore deposits) produce magnetic signatures similar to that of BMA. Therefore, based 
on Lindique et al (2011) remarks it can be inferred/ assumed that the causative body of BMA is 
hosted in NNMB basement below the Cape Supergroup. De Beer et al. (1982) described by 
Quesnel et al. (2008) invoke serpentinites as the source of BMA and may actually be present on 
the southern boundary of Proterozoic granitoid of NNMB.  
Some magnetic anomalies present in the north do not coincide with Karoo dolerite dykes and 
sills and yet they generate strong signatures with increasing depth, i.e. they behave in a similar 
manner to the BMA. This could mean, their source could be a buried dolerite intrusions at great 
depths or they share a similar origin as the BMA. However, Scheiber-Enslin et al. (2014) 
indicate that the low resolution regional magnetic data cannot image dolerite intrusions at depths 
of 1.5 km, thus suggesting the anomalies viewed can be linked to the basement rocks. The linear 
magnetic feature which extends from the centre to the southeastern part (Figure 7.4) has been 
interpreted to be a DC powerline on the railway line. 
Near the surface (Figure 7.8, depth slice 1 at 42 m), the area is characterised by weakly magnetic 
red patches. It is believed that some of these patches are signatures from sandstone and red 
mudstone outcrops of the Beaufort Group. The Beaufort Group sandstones and mudstone are 
composed of various minerals including, weakly magnetised hematite, as well as weathered 
heavy metals and unconsolidated cover from dolerites.  
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6.5 CONCLUSIONS 
An interpretation of various magnetic field maps including, total magnetic field, reduced to pole, 
depth slicing, vertical derivative, and full horizontal derivative maps with geology 
superimposed, lead to the following conclusions: 
 Depth slices reveal that the source bodies of magnetic anomalies present in the study area 
are present at great depths, as deep as 9488 m and possibly beyond. 
 Majority of magnetic anomalies, specifically on the northern part of the Cape Fold Belt owe 
their origin to Karoo dolerite intrusions (dykes and sills). 
 The Karoo dolerites prove to be interconnected below the surface (e.g. in the depth range 
of 0 - 4.3 km). 
 Some signatures become stronger and well defined with increasing depths, thus pointing 
their source to deep seated anomalous bodies. 
 The causative body of BMA is likely to be hosted or present at large depths (e.g. ≥ 9 km) 
deep below the surface in the Namaqua Natal Metamorphic Belt. 
 A long linear magnetic feature that is seen on the magnetic maps to be trending from 
Beaufort West towards the southwestern of the study area has been inferred to be due to a 
DC powerline for the railway line. 
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GRAVITY MODELLING 
7.1 INTRODUCTION 
This section presents several generated geological subsurface models, as well as thickness maps 
of the southwestern Karoo Basin strata. The models were constructed from selected gravity 
profiles across the Cape and Karoo sequences. The thickness maps were constructed using depth 
data extracted from the gravity models. The subsurface models presented here may not represent 
the actual geology but display the best fitting model, i.e. there might be other models which 
might give the best fit to observed gravity due to non-uniqueness of modelling gravity.  
7.2 PROFILE SELECTION AND SETTING UP OF 2½ D GRAVITY MODELS 
The gravity data used to produce gravity maps in Chapter VI were used to construct and 
constrain the subsurface models. The old SOEKOR borehole data within the study area were 
used together with seismic refraction and magnetotelluric images provided in Stankiwicz et al. 
(2008) and Linol et al. (2016) along IyA-200501 to constrain the models. The outcrop/ 
thicknesses of various groups were extracted from the geological map of Southern Africa 
(Visser, 1989). The densities of both the Cape and Karoo Supergroup rocks measured in the 
laboratory (refer to Chapter V) were used in the modelling together with those from Baiyegunhi 
(2015).  
Initially, 7 gravity profiles were selected and positioned in such a way that they cut across the 
rock strata and geological structures perpendicular or near perpendicular (45-90 °) to the strike 
direction across the study area. Six of all gravity profiles were orientated in such a way that they 
cut across the BMA and SCCB throughout the study area. The gravity profiles position and 
extent on the ground were determined from the geological map of the South Africa. Four profiles 
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were oriented in a NE-SW direction, while the other three were positioned in a NNW-SSE 
direction nearly perpendicular to E-W dyke trends (see Figure 7.1 below). 
 
Figure 0.1: The southwestern Karoo Basin geological map showing the location of gravity profiles and eight 
SOEKOR boreholes within the study area. The boreholes are indicated by red circles while the gravity profiles 
are solid yellow lines. 
For each selected gravity profile, 3 Earth models were generated, including the starting model using the averaged 
measured density; a model that has been constructed based on a minimum measured density for each geological 
block; a model that has been constructed using maximum measured density for each geological block as well as 
incorporating well data. A total of 21 models were obtained and for each profile the sensitivity of the model due 
to a density change was obtained (see section 7.5). 
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Table 0.1: The minimum, maximum and average densities used in the gravity modelling. 
Supergroup 
 
Group 
 
Min density 
(g/cm3) 
Max density 
(g/cm3) 
Avg density 
(g/cm3) 
Cenozoic deposits  2.200 2.616 2.408 
 Uitenhage 2.536 2.513 2.435 
Karoo dolerite  2.579 2.816 2.697 
Karoo Supergroup     
 Beaufort 2.457 2.499 2.478 
 Ecca 2.315 2.675 2.497 
 Dwyka 2.301 2.750 2.535 
Cape Supergroup  2.549 2.744 2.665 
Pre Cape (basement)  2.673 2.730 2.702 
Mantle  3.140 3.400 3.270 
Min= Minimum   Max=Maximum   Avg=Average 
The table above presents min, max and average densities of various rock groups that were measured 
in the laboratory together with those that were extracted from the literature. Note: The outcrops of 
Cenozoic, Uitenhage and Mantle rocks were not accessible in the field. Therefore for the purpose of 
modelling their densities were extracted from the literature in Baiyegunhi (2015) and Allen and Allen 
(2013).    
Each model was constructed by extracting x, y, Bouguer gravity, and elevation values from several 
gravity station points along the selected profile into an Excel file and then imported to GM-SYS 
software. GM-SYS is an extension on Geosoft Oasis Montaj which provides an interface for 
interactive manipulation of geological bodies and it performs real time calculations of gravity field 
response, thus enabling the calculated gravity field curve to match the observed gravity curve with a 
minimum root mean square error. The GM SYS software employs the methods of Talwani et al. (1959) 
and Talwani & Heirtzler (1964) and utilizes the algorithms described in Won and Bevis (1987) to 
calculate the gravity response. It allows the model to extend from plus to minus infinity (e.g. ± 30000 
km) thus eliminating edge effects.  
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7.3 2½ D GRAVITY DATA MODELLING  
The gravity profiles were modelled using GM-SYS. Each modelled geologic body has been 
constrained by the measured density,  thickness from outcrops and well log data and depth data 
from well data. The thicknesses and depths were extracted from eight SOEKOR boreholes 
documented by Scheiber-Enslin et al. (2015) in meters. The locations of the boreholes are 
presented in Table 8.2 below. 
 
Table 0.2: The location of SOEKOR boreholes within the study area. 
Borehole ID                 Latitude             Longitude 
AB- 1/65      -31.8020         22.6164 
KA-1/66                       -32.0202         23.4195 
KC-1/70                       -31.3588         20.5821 
KD-1/71                       -31.0547         21.8156 
KL-1/65                        -32.6172         21.4523 
KW-1/67                      -32.9847         22.3350 
QU-1/65                       -31.8270         21.4371 
SA-1/66                       -32.7741         21.3274 
  
The table above gives the geographic location of each borehole within the study area in a form 
of longitude and latitude coordinates in degrees.  
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7.3.1 Starting model 
Figure 0.2: A geological representation of subsurface starting model. 
Note: In the modelling the Moho was left to vary in the depth range of 36-45 km. 
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7.3.2 Profile A-A' gravity model 
 
Figure 0.3: A geological subsurface model along profile A-A'. Vertical Exaggeration (VE) = 3.02. Initial and 
final Root Mean Square (RMS) error are 87.6 and 1.7, respectively. Note: The Moho was allowed to vary 
within a depth range of 40-45 km. At borehole KC-1/70, 105 km in SW direction, the base of the Dwyka Group 
is encountered at 1745 m below the surface.  
Profile A-A' (Figure 7.3) extends for approximately 230 km in a NNE-SSW direction and ends about 50 km 
south of Sutherland town (Figure 7.1 above). This region is geologically characterised by a network of  
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dolerite intrusions (sills and dykes), slicing through the Carboniferous sediments of the Karoo 
as well as those of underlying Cape Supergroup. At this locality, specifically along profile A-A' 
the gravity reaches a maximum and a minimum of -64 and -102 mGal, respectively. It is evident 
from the model that the geological formations are sub-parallel to each other with geological 
disturbances such as folding, faulting, and intrusions in places. An interpretation of the 
subsurface model, from the oldest geological formation to youngest reveals that the Cape 
Supergroup extends to the depths of approximately 12 km below sea level in the south with its 
top surface occurring approximately at 2 km below sea level on the north. This depth extent is 
close to the depth of Cape Supegroup shown by a 2007-10 model in Lindique et al. (2011). The 
Dwyka and Ecca Groups occur between the depths of 0- 3 km and both these groups show a 
lateral uniform thickness along the profile with gentle folds in places. The Beaufort Group 
occurs above sea level. Furthermore, the model predicts that the dolerite intrusions form a 
network of interconnected dykes and sills in the subsurface and the sills extend laterally for 
several kilometres below the surface. The Moho is horizontal at a depth of 45 km below sea 
level. 
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7.3.3 Profile B-B' gravity model 
Figure 0.4: A geological subsurface model along profile B-B'. VE = 3.02. Initial and final RMS error is 81.3 
and 1.6, respectively. Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole KD-
1/71, 10 km in SW direction, the base of the Dwyka Group is at 1451 m. While at borehole SA-1/66, 230 km in 
SW direction Dwyka is encountered at 3572 m and the top of the Whitehill Formation is at 2754 m below the 
surface. 
Figure 7.4 shows a geological model along Profile B-B' with gravity values increasing from inland (NNE side) 
towards the coast (SSW side). The maximum recorded gravity is about 15 mGal with the minimum value of -
94 mGal. The model characterises the geology of the Dwyka, Ecca, and Beaufort Group as undulating sub 
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horizontal sedimentary layers with cross- cutting vertical to near vertical and horizontal to near 
horizontal dolerite intrusions. In this locality the rock layers are seen to occur very shallow 
towards the north north east end of the profile and this could be due to regional uplift. The 
Dwyka, Ecca, and Beaufort Group occur within a depth of 2 km from the surface, while the 
Cape Supergroup reaches a depth of 8 km in the south south west (near the coast). The Moho is 
horizontal at 45 km depth and shallows to a depth of about 43 km towards the end of the profile 
that is near the coast.  
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7.3.4 Profile C-C' gravity model 
 
Figure 0.5: A geological subsurface model along profile C-C'. VE = 3.02. Initial and final RMS error are 73.2 
and 1.9 respectively. Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole AB-
1/65, 100 km in SW direction the top of Whitehill Formation is encountered at 2009 m below the surface. While 
at borehole KW-1/67, 240 SW direction is between 4200-4500 m below the surface. 
The profile is 340 km long in a NNE-SSW direction, running through borehole AB-1/65 and borehole KW-
1/67 (see Figure 7.5 above). It cuts across the entire succession of the Main Karoo Basin, through the BMA, 
SCCB and Cape Supergroup. The model depicts the Cape Supergroup to have a gradual 
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increase in thickness towards the coast (south), whereas towards the northern extremity of the 
basin it has been observed to be relatively thin with a possibility of pinching out further to the 
north. Along this profile, the Cape Supergroup reaches a depth of approximately 12 km in the 
south and shallows to a depth between 3 and 4 km in the north. The Dwyka and Ecca Group are 
encountered at depths between 0 and 3 km from the surface. Both these successions show a thin 
uniform layering at the centre of the basin and become relatively thick away with folding signs 
in the south. Such variations in thicknesses, particularly thinning at the centre of the basin could 
be linked to diagenetic processes, that is, induced compaction by thick sedimentary cover of the 
Beaufort Group. The Beaufort Group occur as a thick sedimentary sequence at the centre and 
the latter (centre) has been observed to be the deepest part of the basin. The model also infers 
that below the surface, the Karoo dolerites occur as a network of interconnected dykes and sills 
with some having the same parent feeder dyke. These intrusions, mostly the sills occur as basin 
like structures (ring/ saucer), while the dykes are commonly associated with faults. The structure 
of the dolerite intrusions shown by the model is similar to that of Chevallier et al. (2001) 
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7.3.5 Profile D-D' gravity model 
Figure 0.6: A geological subsurface model along profile D-D'. VE = 4.54. Initial and final RMS error are 59.3 
and 1.5 respectively. Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole KA-
1/66, 124 km in SW direction the base of the Dwyka Group is at 2525 m and the top of the Whitehill Formation 
is not well defined.  
The profile extends for 345 km in a NNW - SSE orientation, crossing the locations of the BMA and SCCB 
before ending up at the south coast (see Figure 7.6 above). The maximum recorded gravity is approximately 0 
mGal with a minimum of -127 mGal. The Cape Supergroup reaches a depth of more than 12 km from the 
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surface with its thickness changing from thick in the south to very thin towards the north of the 
basin (see Figure 7.6). Typically, of the Cape Supergroup, tight folding is evident towards the 
south of the basin. The overlying Dwyka and Ecca Group are seen to occur at depths between 0 
and 3 km below the surface and both of these groups indicate signs of deformation (folding) at 
depths. Dolerite intrusions are mostly concentrated at the centre of the basin, specifically piercing 
through the Beaufort Group at the top, down to the Cape Supergroup.  Furthermore, the deepest 
part of the basin occurs as the synclines. 
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7.3.6 Profile E-E' gravity model 
 
Figure 0.7: A geological subsurface model along profile E-E'. VE = 4.995. Initial and final RMS error are 109.2 
and 1.4 Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole KC-1/70, 80 km 
in SE direction the base of the Dwyka Group is encountered at 1745 km. While at borehole SA-1/66, 190 km 
SE is at 3572 m and the top of the Whitehill Formation is encountered at 2754 m.  
The model in Figure 7.7 extends from north of Sutherland to the south of George and covers a distance of 375 
km. The maximum recorded gravity along the profile is 21 mGal with the minimum being -85 mGal. The 
model reveals that near the BMA the thickness of the Cape Supergroup changes from thick in the far south to 
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very thin near the BMA and thickens again away from the BMA towards the north. 7.3.7 Profile F-F' gravity 
model 
 
Figure 0.8: A geological subsurface model along profile F-F'. VE = 4.995. Initial and final RMS error are 40.3 
and 1.7. Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole QU-1/65, 110 km 
in SE direction the base of the Dwyka Group is at 2409 m and the top of Whitehill Formation is encountered 
at 1636 m. While at borehole KW-1/67, 300 km in SE direction the top of Whitehill Formation is at 4360 m 
below the surface. 
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The profile in Figure 7.8 is about 410 km in a NW-SE striking direction. The model extends 
from Williston town and runs south across the locations of SCCB and the BMA down to the 
coast. Along Profile F-F', the maximum recorded gravity value is approximately -22 mGal while 
the minimum value is -100 mGal. Both the Dwyka and Ecca Group have a uniform thickness 
across the profile, except in the north where the Ecca Group is seen to have acquired a 
significant thickness. Both of these stratigraphic sequences display intense folding towards the 
south. The model infer that the dolerite intrusions are not limited to the northern areas of the 
profile, but might occur in the south as well with no exposure on the surface. 
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7.3.8 Profile G-G' gravity model 
 
Figure 0.9: A geological subsurface model along profile G-G'. VE = 1.363. Initial and final RMS error are 92.6 
and 1.4. Note: The Moho was allowed to vary within a depth range of 40-45 km. At borehole KD-1/76, 10 km 
in SE direction the base of the Dwyka Group is at 1745 m. While at borehole KA-1/66, 193 km in SE direction 
it is encountered at 2531 m and the top of Whitehill Formation is not well defined. 
Along this Profile G-G’ (see Figure 7.9 above) the maximum gravity is -90 mGal with a minimum value of -
101 mGal. The Dwyka and Ecca Group are encountered within the depth of 3 km below the surface with a 
uniform thickness throughout the basin, except in the north where the Ecca appears to be thicker. The younger 
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Beaufort Group is thicker at the centre of the basin and thins away towards the north and south. It extends to a 
depth of less than 1 km below the surface. 
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7.4 INFERRED ELEVATION AND ISOCHORE THICKNESS MAPS FROM 
GRAVITY MODELS 
Both the elevation and isochore thickness maps were constructed using the depth/ elevation data 
of various geological groups obtained from the GM-SYS gravity models relative to their position 
above or below sea-level. Then the following steps below were executed to construct elevation 
and thickness maps of various groups: 
Step 1: The top layer of the Cape Supergroup was exported in real world XYZ file system from 
the GM-SYS model to an excel spreadsheet, where z is an elevation at a particular point 
along the profile. This was done for all the profiles (Profile A-A' to G-G') and the 
elevation data for the Cape Supergroup top layer was compiled into a single excel sheet. 
Step 2: The created spreadsheet with Cape Supergroup top layer was then imported into Geosoft 
Oasis Montaj database, where it was gridded and displayed as Cape Supergroup 
elevation map. 
Step 3: The above procedure (i.e. Step 1 and 2) was executed for all the top layers of various 
geological groups (Dwyka, Ecca and Beaufort Group). 
It was then deduced  that the top layer of the Cape Supergroup corresponds to the bottom layer 
of the Dwyka Group, and the top layer of the Dwyka Group corresponds to the bottom layer of 
the Ecca Group and this applies to the top of Ecca Group and the Bottom of the Beaufort Group 
as well, provided the Principle of Superposition is preserved. This can be expressed 
mathematically in the form below: 
Basement top = Cape Supergroup bottom…………………..………………………….…… (1) 
Cape Supergroup top = Dwyka Group bottom…………………………………...….....……. (2) 
Dwyka Group top = Ecca Group bottom………………………………………….……....…. (3) 
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Ecca Group top = Beaufort Group bottom…………….…………………………...……........ (4) 
Beaufort Group top = Beaufort Group top...…….………………………………………........ (5) 
It was further deduced from the above mathematical expressions that if the top surface grid of a 
particular geological group (e.g. Ecca Group top) is subtracted from the bottom surface grid of 
the same group (e.g. Ecca Group bottom), the resulting would be the isochore thickness grid of 
that particular geological group. The latter statement can be expressed mathematically in the 
form: 
Cape Supergroup isochore thickness = Cape Supergroup top- Cape Supergroup bottom….. (6) 
Dwyka Group isochore thickness= Dwyka Group top- Dwyka Group bottom …….…......... (7) 
Ecca Group isochore thickness= Ecca Group top- Ecca Group bottom……………………...(8) 
Beaufort Group isochore thickness= Beaufort Group top- Beaufort Group bottom………… (9) 
It is through the above mathematical expressions that the isochore thicknesses of various 
geological groups were estimated. For example, the top surface grid of Ecca Group was 
subtracted from the bottom surface grid of Ecca Group using grid math on Geosoft Oasis Montaj 
and the resulting grid was an estimated isochore thickness grid of Ecca Group sediments. This 
was done for all geological groups, thus enabling an estimate of isochore thickness for each 
group. These grids were latter presented as isochore thickness maps and compared to seismic 
and borehole results to test the accuracy.    
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7.4.1 Elevation map of the southwestern Karoo Basin 
 
Figure 0.10: A 3D representation of the elevation in the study area showing topographic highs and lows in the main basin. The red coloured zones 
are high elevation areas, while areas marked by blue colour represent low elevation zones.
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Figure 7.10 above portrays a 3-dimensional view of the current elevation surface within the 
study area. The topography displayed is typical of the main Karoo Basin, that is characterised 
by flat, nearly smooth topography on the northern parts which abruptly changes into a basin 
like structure towards the south near Beaufort West and changes into a rugged, hilly topography 
(Cape Mountains) further to the south.   
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7.4.2 A. Elevation map of the Cape Supergroup 
Figure 0.11: Generalised current elevation of the Cape Supergroup. Note: The topographic map 
represents the current elevation after deformation. The negative values denote elevation below 
the sea-level. 
The elevation of the Cape Supergroup ranges from the minimum of – 6940 m to a maximum of 
of 1972 m. The light-dark brown colours on the figure above (Figure 7.11) represent structural 
highs with an elevation of -1343 m to 1972 m. While the green to blue-zones have been 
identified as structural lows with an elevation range of -2308 m to -6940 m. This an elevation 
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after the rocks have been deformed for example in the Cape Fold Belt in the Swartberge 
Mountains, the Table Mountain Group bedding is vertical. 
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7.4.2 B. Isochore thickness map of the Cape Supergroup 
 
Figure 0.12: Vertical thickness map of the Cape Supergroup sedimentary rocks. The map 
shows variations in thickness of the Cape Supergroup within the study area. 
The Cape Supergroup thickness seem to decrease from the south towards the north of the basin 
with a maximum thickness of greater than 12130 m in the south near George and a minimum 
of less than 100 m in the north (Figure 7.12).  Scheiber-Enslin et al. (2015) state that the Cape 
Supergroup pinches out in the north of the basin. On the map above (Figure 7.12), the orange-
pink zones denote areas where the thickness is greater than 4840 m and the yellow -blue zones 
are areas where the Cape Supergroup has a thickness of less than 4598 m. 
 
Thickness 
       (m) 
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7.4.3 A. Elevation map of the Dwyka Group 
 
Figure 0.13: Generalized current elevation of the Dwyka Group. Note: The topographic map 
represents the current elevation after deformation. The negative values denote elevation below 
the sea-level. 
The general topography of the Dwyka Group top at depth is characterised by both high (light- 
dark brown) and low (green- blue) relief areas. The highly elevated areas have been identified 
as the structural highs with a vertical relief of -1306 m to 1696 m below and above sea-level, 
while the low lying areas which are structural lows have a minimum of less than -3668 m to a 
maximum of -1650 m. It has been noted, the latter are more prevalent at the centre of the basin. 
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7.4.3 B. Isochore thickness map of the Dwyka Group 
Figure 0.14: Vertical thickness map of the Dwyka Group sedimentary rocks. The map shows 
variations in thickness of the Dwyka Group within the study area. 
The orange-pink zones on the map above (Figure 7.14) denote areas where the Dwyka Group 
strata has a vertical thickness of more than 1000 m whereas regions with thicknesses less than 
1000 m are shown by yellow- blue zones. It is evident from the above map that the Dwyka 
Group is tectonically thickened in the south near Leeu-Gamka and in some parts, particularly 
north west of Sutherland and west of Laingsburg town. In these areas it shows a considerable 
thickness that is in the range of 1046 m to greater than 1718 m.  
 115 
7.4.4 A. Elevation map of the Ecca Group 
 
Figure 0.15: Generalised current elevation of the Ecca Group. Note: The topographic map 
represents the current elevation after deformation. The negative values denote elevation below 
the sea-level. 
The dark brown to light coloured zones are structural highs with peak elevation of greater than 
663 m while the green-blue zones are structural lows with an elevation of less than -138 m (see 
Figure 7.15 above). The top of the Ecca Group shows a minimum and maximum elevation of -
3209 and 1247 m, respectively.  
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7.4.4 B. Isochore thickness map of the Ecca Group 
 
Figure 0.16: Vertical thickness map of the Ecca Group sedimentary rocks. The map shows 
thickness of Ecca Group succession in various parts of the basin. 
On the map above (Figure 7.16), the orange- pink zones denote areas where the sedimentary 
rock thickness is greater than 2048 m and the yellow-blue patches are areas where the thickness 
is less than 1829 m. The Ecca Group reaches a maximum vertical thickness of more 3720 m. 
The succession shows a variable thickness throughout the basin, it appears to be much thicker 
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in the north and the north western part and thins at the centre and towards the eastern part of the 
basin.  
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7.4.5 A. Elevation map of the Beaufort Group 
 
Figure 0.17: Generalised current elevation of the Beaufort Group. Note: The topographic map 
represents the current elevation after deformation. The negative values denote elevation below 
the sea-level. 
The elevation of the Beaufort Group ranges from 478 m to more than 1479 m relative to the 
sea-level. The brown to light patches on the map above (Figure 7.17) denote structural highs 
with an elevation of 1271 m, while the green-blue patches represent the structural lows with an 
elevation of less than 1240 m. It has been noted that within the study area, the structural lows 
are common at the centre of the basin, near Beaufort West and Leeu-Gamka. 
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7.4.5 B. Isochore thickness map of the Beaufort Group 
 
Figure 0.18: Vertical thickness map of the Beaufort Group sedimentary rocks. 
The sedimentary rocks of the  Beaufort Group appear to be more thick at the centre of the basin 
within the vicinity of the Beaufort West, Leeu-Gamka and Sutherland towns (see Figure 7.18 
above). In this locality the basin is relatively deep compared to other parts, particularly in the 
north where the topography is characterised by flat lying horizontal beds. The orange-pink 
zones on the map above (Figure 7.18) represent areas where the thicknesses are greater than 
1950 m, while the yellow-blue patches denotes areas with  thicknesses of less than 1750 m. The 
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Beaufort Group reaches a maximum thickness of more than 3588 m on the north of Beaufort 
West, whereas towards the south of the basin the strata become relatively thin to less than 100 
m. 
7.5 SENSITIVITY OF GRAVITY MODELS DUE TO DENSITY CHANGES  
Multiple gravity models were generated using the minimum and maximum density values along 
all profiles. This was done to determine variations in depth and isochore thicknesses as the 
density of geological blocks changes. The table below (Table 7.3) shows the sensitivity of 
isochore thicknesses as the density changes from average to a maximum and minimum. 
Note: The Avg ρ is the average density value that was used to model every individual geological 
block and Δ ρ is the change in average density. The positive sign indicate an increase from 
average to a maximum density and is represented by the expression Δ ρ= Maximum density - 
Avg ρ, while the negative sign denote the decrease and is expressed as  Δ ρ= Minimum density 
- Avg ρ. The Min ΔH and Max ΔH are the minimum and maximum change in isochore thickness 
due to density changes, respectively. Avg ΔH denotes average change in isochore thickness as 
the result of changes in density. The Error is the sensitivity of the model due to changes in the 
density. 
 
 
 
 
 
 
 121 
Table 0.3: The sensitivity of the isochore thicknesses derived from the models due to density 
changes.  
Group/ 
Supergroup 
Avg ρ 
  (kg/ m3) 
Δ ρ 
(kg/ m3) 
Min ΔH 
(m) 
Max ΔH 
(m) 
Avg ΔH 
(m) 
Error 
(m) 
Beaufort 2478 
+21 145 409 277 
± 277 
-21 144 408 276 
Ecca 2497 
+178 78 286 182 
± 183 
-182 82 287 185 
Dwyka 2535 
+215 11  123 67 
± 69 
-234 15 134 70 
Cape 2665 
+109 96 247 172 
± 173 
-116 97 250 174 
Pre- Cape 2702 
+28 25 98 61 
± 64 
-29 33 98 66 
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7.6 DISCUSSION 
The sedimentary rock sequences of the main Karoo Basin are characterised by thickness 
variations throughout the main basin. The strata are thicker in the south to west and become 
comparatively thinner in the north with shallowing of the basin. Generally, the geology of the 
basin is characterised by regions of structural lows and highs. Originally the rocks were laid 
down as horizontal layers in a variety of depositional environments and were later affected by 
tectonism, thus resulting to folding and faulting in places, evident in the south. According to 
Booth and Goedhart (2014) the rocks of the lower Karoo Supergroup were strongly affected by 
Palaeozoic-Early Mesozoic deformation, hence the observed deformation on the rocks of 
Dwyka and Ecca Group. Visser (1989) indicate that on the southern margin of the continent the 
Dwyka was involved in Cape Folding and in some places the beds are over folded. It is inferred 
that most of the structural highs and lows seen on the elevations maps are likely to be 
deformation structures including, anticlines and synclines. While in other places they are likely 
to be due to thrusting and tectonic repitition. Tankard et al. (2009) describe the regional uplift 
in the Karoo Basin that was later followed by lithospheric subsidence under the influence of 
crustal scale faults.  
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7.7 CONCLUSIONS 
Based on construction and interpretation of gravity models, elevation maps, and estimated 
isochore thickness maps, several conclusions can be drawn within the study area and these 
include: 
 The Ecca Group sediments occur within the depth range of 0-4 km in the southwestern 
part of the basin and do not extend to depths beyond that. 
 The Karoo dolerite intrusion (sills and dykes) are interconnected below the surface and 
mostly concentrated at the centre of the basin. 
 The intrusions occur at different stratigraphic levels and some share the same feeder 
dyke. 
 The deepest part of the Karoo Basin (approx 4 km) occurs towards the south near the 
Cape Fold and this has been inferred to be resulting from sagging of the strata due to 
weight of the overlying sediments as well as tectonic thickening. 
 High gravity values present in the basin correlate with dolerite intrusions in the northern 
part of the study area. 
 Thickness maps reveal that the Cape Supergroup, Dwyka, Ecca, Beaufort Group reach 
a thickness of approximately 12000 m, 765 m, 3720 m and 6046 m in the study area, 
respectively. 
 Constructed gravity models and existing seismic data reveal the Moho to be generally 
horizontal beneath the basin at a depth of about 40-45 km and gradually shallows by 
about 10 km beneath the coast. 
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DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 
8.1 DISCUSSION 
The study combined a variety of methods including literature, field observations, mineralogy, 
gravity and magnetic to investigate and uncover geological information in the southwestern 
main Karoo Basin. Sedimentary and mineralogical studies inccluding the literature revealed 
information about depositional environment of the Karoo rocks and their mode of occurrence. 
Depth slices of both magnetic and gravity dataset were taken at various depths and these gave 
depth estimates of various anomalous bodies. Gravity techniques such as 2½ D modelling were 
used to construct subsurface models along selected gravity profiles, these revealed various 
depths to the top of various geological formations at different locations. The models were later 
used to generate isochore thickness maps of various formations.  
Based on literature and field observations the Karoo is a sedimentary basin and it is 
characterised by a variety of sedimentary rocks including diamictite, shale, mudrock and 
sandstone. Through analysis of sedimentological properties such as bedding structures, grain 
sizes, texture, mineralogy and weathering colour of various outcrops it was confirmed/ proven 
that the rocks of the Karoo were emplaced in a wide spectrum of sedimentary environments 
from glacial, deep, shallow and fluvial environments. The base of the Karoo is marked by the 
glacial Dwyka Group, these rocks are characterised by the dark grey, poorly sorted, immature 
sandy matrix with a variety of entrapped angular fragments of different sizes. The characteristic 
properties shown by these rocks are characteristic of material that was deposited by glaciers. 
The mode by which glaciers carry material from the source to the depository involves 
tranportation of  boulders to clay sized particles, as the ice melts during transportation all the 
particles in the system are dropped thus resulting to a poor sorting character that is observed in 
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the Dwyka diamictite. The deposition of the Dwyka Group in the main basin was followed by 
the emplacement of  the Ecca Group shale units, particularly the black carbonaceous shale of 
the Whitehill Formation.  The  rocks of the Whitehill are characterised by high organic content 
with white weathering colour at surface. These rocks are likely to have been deposited through 
suspension settling in a deep marine setting where conditions are favourable for the preservation 
of organic matter. Deposition in the Karoo continued by emplacement of Collingham Formation 
shale units with interlayers of k-bentonite. The tuff could have been deposited by the wind on 
the surface of Ecca sea from volcanoes that were active during the deposition of the Ecca Group 
and sunk below to the bottom under the influence of gravity and density. The Collingham was 
deposited directly above the Whitehill, followed by the Prince Albert, Ripon, Fort Brown 
Formations and others including the fluvial Beaufort Group. All these geological units reflect 
changing environment from glacial Dwyka Group to marine Ecca Group and fluvial sediments 
of the Beaufort Group. Analysis of cross bedding structures in massive bedded sandstone units 
of the Beaufort Group indicate deposition by river systems in an oxidising environment. This is 
also supported by the presence of channel-lag material in some sandstone units and red colour 
in the mudrocks. This is similar to the findings of Catuneanu et al. (2005) and Johnson (1976) 
that the rocks of the Karoo reflect a combination of both high  and low energy environments. 
This has been found as well through alternating sandstone with shales and mudrocks.  
Mineralogical investigations particularly the XRD results of selected rock samples in the main 
Karoo Basin indicate quartz to be the most abundant mineral followed by feldspars and other 
minerals such muscovite, biotite, kaolinite and calcite in minor quantities. The quartz in the 
Dwyka diamictite is present in both forms, mono and polycrystalline. This reveals that it has 
been sourced from a variety of rock types. The polycrystalline quartz depicts an undulose 
extinction phase when viewed under petrographic microscope thus indicating a metamorphic 
origin. It is likely to have been derived from the underlying Cape Supergroup quartzite, while 
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the monocrystalline quartz could have been sourced from the granites. This can be supported 
by the presence of granite and quartzite fragments in the diamictite. The mineral quartz is 
present in almost all the rocks of the Karoo including the younger Beaufort Group and Ecca 
Group above the Dwyka. In other geological units particularly in the Beaufort Group qaurtz 
occur as well rounded crystals which indicate longer travel distance in the transportaton 
medium. It is believed that its hardness and crystal framework allowed it to withstand 
weathering and abraision during transportation and deposition hence it is preserved in almost 
all the rocks in the Karoo. Feldspar occur as the second most abudant mineral in the rocks of 
the Karoo, it is present either as microcline or plagioclase. Most of the feldspar show irregular 
shape and cloudy colour under petrographic microscope which indicate alteration to some 
degree. Feldspars might have been altered to form kaolinite as it is common in most the Ecca 
Group shales and Dwyka Group diamictite. Other minerals including, kaolinite and calcite were 
found to occur as accessory minerals in the form of cements and matrix in most of the rocks.  
The density study reveal variations in density of the rock units.  Similarly to findings of Allen 
& Allen (2013) and Punmia et al. (2005), the density of rocks within the study area generally 
increases with an increase in depth. This can be detected on the rocks of the Karoo that show a 
slightly lower density than the underlying Cape Supergroup. The findings of Ademeso et al. 
(2012) indicate that whenever the porosity is higher the particle density is likely to be lower. 
This has been observed in the rocks of the Whitehill Formation where the shales consist of high 
porosity and low particle density, possibly due to large scale conversion of organic matter that 
originally occupied pore spaces into hydrocarbons. 
An analysis of gravity data within the study area revealed that the southwestern Karoo basin is 
characterised by a variety of low and high gravity anomalous zones with gravity highs present 
near the coast in the south, and gravity low zones common in the north towards inland areas. 
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The gravity highs more particularly along the coast have a long wavelength which is an 
indication that their source causative body is located very deep below the surface, possibly the 
Moho which occurs at great depths of 40- 45 km inland and relatively shallow (30 km) near the 
coast. The low gravity values inland are of short wavelength and probably resulting from 
shallow source bodies, possibly the Karoo dolerite intrusions. These findings are consistent with 
seismic reflection data and the findings made by Baiyegunhi (2015) about the causative bodies 
of gravity anomalies that occur on the eastern Karoo Basin. This could suggest that some gravity 
anomalies in the southern main Karoo Basin, both in the west and east are due to same/similar 
causative bodies. The presence of the Cape Isostatic Anomaly is likely to be due to the presence 
of low density material at depths or the part of the topography in which CIA occurs is not 
hydrostatically compensated at depths. 
The 2½ D gravity models are consistent with seismic refraction and magnetotelluric models 
within the study area, they all display that the Karoo rocks occur at depths in the south and 
become relatively shallow towards the north. This is attributed to tectonic deformation. Roberts 
and Bally (2012) describe a series of subsidence and regional uplift events that are likely to 
have shaped the tectonic setting of the Karoo and that of the adjacent Cape Basin. Based on the 
models, it is further inferred that the dolerite intrusions in the Karoo form a network of 
interconnected sills and dykes and this results in a complex structure of the basin, which could 
pose a serious threat or risk to the exploitation of  shale gas. The illustration of dolerite intrusions 
shown by the models is similar to the models constructed by Chevalier et al. (2001) which show 
a network of dolerite intrusions in the subsurface slicing through the Karoo sediments.  
Analysis of magnetic data in the southwestern main Karoo Basin revealed that the intensity of 
the BMA signature becomes stronger and broader with an increase in depth. This has been 
attributed to the location of its causative body, which has been found through depth slicing to 
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be present at a depth beyond 9 km and it is likely to be hosted deep in the mid- crust. This depth 
location correlates well with the interpreted depth of  the BMA from the seismic reflection 
models of (Scheiber et al.,2015). Lindique et al. (2011) reveal that sulphide-magnetite bodies 
present in the Namaqua section of NMMB in the Bushmanland ore district (Broken Hill, 
Aggeneys, and Gamsberg ore deposits) produce magnetic signatures similar to that of the BMA. 
This supports the observations of Weckmann et al. (2007) that the source of BMA is hosted on 
the NNMB which is present as the crystalline basement below the Cape Supergroup. Quesnel 
et al. (2008) invoke serpentinites described as the source of BMA by de Beer et al. (1982), may 
actually be present on the southern boundary of Proterozoic granitoid of NNMB. Short 
wavelength magnetic anomalies that occur further in the north of the study area are attributed 
to the dolerite intrusions and their shapes are similar to the dolerite lineaments of the Karoo.  
 
 
 
 
 
 
 
 
8.2 CONCLUSIONS 
The study presents the results from a variety of methods that were utilised to probe the geology 
of the main Karoo Basin. An analysis of these results can be summarised in the following points: 
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 Literature reveal that the Cape sediments were emplaced in a marine setting, while those 
of Karoo were deposited in a range of sedimentary depositories from glacial, deep to 
shallow marine, and fluvial environments.   
 The rocks in the main Karoo Basin particularly in the south show low grade 
metamorphism to some degree, part of the Karoo rocks are intensively strained while 
others exhibit no obvious deformation, particularly those that occur in the upper part of 
the basin. 
 Quartz grains occur as the dominant mineral in both sandstone and mudstone followed 
by feldspar and muscovite, other minerals such as kaolinite, calcite and other carbonates 
occur as accessory minerals. 
 The Cape Isostatic Anomaly that occurs on the south eastern part of the area is likely to 
be due to deep seated low density material that mirrors the mountain ranges or large 
deep groundwater resevoirs. It is also inferred that the part of the mountain ranges in the 
vicinity of CIA might not be hydrostatically compensated. 
 The gravity high along the coast, is of long wavelength, is an indication that it is possibly 
due to a deep seated anomalous body, the Moho which is relatively shallow towards the 
coast and deep inland. 
 Linear and circular signatures that are present in the northern part of the study area are 
likely to be due to Karoo dolerite sills and dykes. These are the common geological 
bodies in the Karoo that possess this particular shape. 
 Some anomalies occur in places where they do not coincide with known geological 
outcrops and it is inferred that these are resulting from shallow or deep subsurface 
bodies. 
 The causative body of BMA is likely to be hosted or present at great depths (e.g. ≥ 9 
km) deep below the surface in the Namaqua Natal Metamorphic Belt. 
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 Most signatures become stronger and well defined with increasing depths, thus pointing 
their source to deep seated anomalous bodies. 
 The models indicate that the Ecca Group sediments occur within the depth range of 0-4 
km in the southwestern part of the basin and do not extend to depths beyond that. 
 The Karoo dolerite intrusion (sills and dykes) are interconnected below the surface and 
mostly concentrated at the centre of the basin. 
 The intrusions occur at different stratigraphic levels and some share the same feeder 
dyke. 
 The deepest part of the Karoo Basin occurs towards the south near the Cape Fold and 
this has been inferred to be resulting from tectonic repition. 
 The gravity models indicate that the southwestern units of the main Karoo Basin extend 
to the depth of 4500 m in the south, near the front of the Cape Fold Belt and extend to 
shallows depths of 2600 m in the north. 
 
 
 
 
8.3 RECOMMENDATIONS 
Detailed additional studies need to be undertaken to develop a 3-dimensional model using high 
resolution magnetic and gravity data. Such model would need to be complemented by 
magnetotelluric and borehole data to ascertain more accurately the geological contacts, depth 
and horizontal extent and the geometry of subsurface linearments. This kind of information 
would be essential for shale gas exploration in the southwestern Karoo Basin. Further 
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petrographic analysis needs to be conducted to improve our knowledge about the evolution of 
the basin. 
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APPENDICES 
                                                              APPENDIX A 
AN OVERVIEW OF STRATIGRAPHY AND MINERALOGY OF THE CAPE AND 
KAROO SUPERGROUPS 
The core objective of this section is to present and discuss the geology, mineralogy and 
depositional environments of various rock units of the Cape and Karoo Supergroups that 
outcrop in the study area. The author recognises that knowledge of surface geology is 
fundamental to geophysical studies as it aids in interpretation of magnetic and gravity 
anomalies. Boggs Jr. (2009) advocates that the physical and chemical properties of rocks are 
strongly influenced by the nature of sediment source as well the depositional environment. It is 
for this reason that the author saw the need to revisit the geology of the Cape and Karoo 
Supergroups. 
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1.1 INTRODUCTION 
 
Figure A1 : An aerial photograph displaying the location of studied rock outcrops. Note: The 
grey circles indicate section numbers and the blue depicts the names of national roads. 
Various rock formations were identified and inspected on road cuttings along the national and 
regional roads within the study area (see Figure A1 for the locations of studied rock outcrops). 
Bedding characteristics and rock structures, including folding and faulting were noted along 
section 1 and 2. Rock samples were collected and then studied under microscope through thin 
sections and as well as analysed by X-Ray Diffraction (XRD) to identify mineralogical 
compositions, rock textures, and grain distribution patterns.  
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1.2 CAPE SUPERGROUP 
1.2.1 Nardouw Subgroup  
A. Geology 
 
Figure A2: Photograph of Nardouw Group quartzite and weathered shale. The quartzite occurs 
at the bottom with the shale present on top.  
Outcrop location: 33° 38’ 7.9’’ S; 23° 07’ 47.6’’ E. 
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This outcrop of Nardouw Subgroup is characterised by thick, brownish coloured rock units of 
feldspathic quartzite with fine to very fine grained alternating thin bedded shale units. As seen 
in Figure A2 above, the shale units occur on top as thin, weathered, brownish layers, vertically 
tilted layers of clay rich beds. The quartzite is present at the bottom with signs of low to medium 
grade metamorphism.  
The upward fining character of the rock outcrop with quartzite at the bottom and shale units 
resting on top suggests marine transgression. During marine transgression the sea level rises as 
a result deeper water of low energy environment migrated and occupied places that were once 
shallow water of higher energy environment.  
B. Mineralogy  
 
Figure A3: Photomicrograph displaying abundant quartz mineral in quartzitic sandstone of the Nardouw Group.  
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Quartz (>85 %) is present as a major constituent with little plagioclase (5%), microcline (5 %) 
and muscovite (<5%) in places. Individual quartz grains show signs of compaction (concave-
convex grain contact, yellow arrows) and recrystallization along the grain boundaries, thus 
suggesting the rock has been over-compacted.  
1.2.2 Traka Subgroup  
A.  Geology 
Figure A4: Photograph showing typical Traka Subgroup shale units with subordinate mudstone 
layers.  
Outcrop location: 33° 19’ 0.3’’ S; 23° 27’ 50.1’’ E. 
The complete sequence of Traka Subgroup comprises of the Karies, Adolphspoort and 
Sandpoort Formations. However, in this locality the bottom Karies and overlying Sandpoort 
Formations are not visible. Therefore, it is represented only by middle Adolphspoort Formation 
here, which displays compacted, thinly laminated, fine grained shale units and medium bedded 
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red-brownish mudstone layers at the bottom. Thinly laminated kaolinite rich layers are seen to 
occur within the shales. The rock units and schistose cleavage dip at 40° to the south and the 
calcites vein has been observed between the shale and mudstone layers. 
The red-brownish colour displayed by mudstone units at the bottom indicates that the sediments 
were iron-stained after weathering, the original colour was dark-greyish and the sediments were 
deposited within a deep marine setting in the absence of oxygen. Also the fine grain-sized 
sediments displayed by this outcrop, indicate deposition occurred in low energy environment 
(deep marine). 
B. Mineralogy  
Figure A5: Photomicrograph showing mudstone-siltstone of the Traka Subgroup.  
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The figure above (Figure A5) displays fine to medium grained mudstone of Traka Subgroup 
with some layers becoming coarse grained siltstone. The subrounded grains of quartz and thin 
fibrous lenses of muscovite intercalated between grains. 
1.2.3 Weltevrede Subgroup  
A. Geology 
 
Figure A6: Photograph displaying folding, reverse faulting and near subvertical cleavage in the 
Weltevrede Formation mudstone and sandstone. Red broken line on the top shows well 
developed boudinage.  
Outcrop location: 33° 20’ 42.9’’ S; 23° 32’ 25.5’’ E. 
The Weltevrede Formation has been identified along N9. It is present as friable, siliceous, 
massive bedded, khaki mudstone unit with thin laminated layers of siltstone. These rocks 
underwent multiple events of deformation and this is evident by the presence of sinuous folding, 
which is dissected by a reverse fault (see Figure A6 above). Subvertical cleavage across the 
bedding is also visible. 
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1.2.4 Witpoort Formation 
A.  Geology 
 
 
Figure A7: Photograph depicts parallel bedding of the Witpoort Formation. Red dotted lines 
marks intercalated thin layers of mudrock. 
 
Outcrop location: 33° 20’ 42.9’’ S; 23° 32’ 25.5’’ E. 
 
The Witpoort Formation is characterised by lenticular beds of fine to medium grained, light 
coloured sandstone with thin lenses of dark grey mudstone sandwiched in between.  It is evident 
from the wavy folding pattern displayed by the strata of this unit that the rocks have been 
affected by tectonic events probably linked to Permian Cape Fold Belt development. Common 
sedimentary structures observed here, include horizontal lamination and tabular cross-bedding. 
The sedimentary units of the Witpoort Formation have been described to be of deltaic/fluviatile 
origin (Johnson and Le Roux, 1994). 
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1.2.5 Floriskraal Formation 
A.  Geology 
 
Figure A8: Photograph displaying red mudstone and olive-grey sandstone of the Floriskraal 
Formation. 
Outcrop location: 33° 13’ 16.8’’ S; 23° 28’ 17.9’’ E. 
In this locality the Floriskraal Formation is characterised by 1.5 – 2 m thick, olive grey, siliceous 
sandstone beds which occur as lenticular bedded interlayers in the red, micaceous mudstone 
units. Cross bedding structures have been identified in sandstone units here, but it is not 
common elsewhere in the outcrop. 
Cross bedding in sandstone unit and red oxidation colour displayed by mudstone units indicate 
that the sediments were deposited in a high energy marine environment. The mudstone has now 
been weathered after being exposed on the surface, and thus been stained by iron oxide to a 
reddish colour. Originally the mudstone units were not red, but dark or greyish coloured when 
they were fresh.  
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1.2.6 Swartwaterspoort Formation 
A. Geology 
 
Figure A9: Photograph showing upright folding of sandstone in the Swartwaterspoort 
Formation. The red solid lines indicate folding. 
Outcrop location: 33° 04’ 11.9’’ S; 23° 29’ 33’’ E. 
Figure A9 displays upright folding in Swartwaterspoort quartzite (previous quartz arenite). In 
the study area, this unit occurs as light coloured, medium bedded, matured sandstone unit which 
displays a red iron oxide staining colour in parts. Common structures include recumbent folding 
and joints. 
Le Roux (2008) indicates that Swartwaterspoort sandstone contains the same suite of quartz and 
chert granules as those found in underlying Miller Formation diamictite, thereby suggesting the 
rocks of Swartwaterspoort Formation might be glacial outwash deposits.  
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B. Mineralogy  
Figure A10: Photomicrograph showing grain supported arenite from the Swaartwaterspoort 
Formation. The detrital grains in the rock are subrounded to rounded, suggesting that it was 
deposited in a high energy environment.  
The quartz arenite of the Swartwaterspoort Formation displays a medium to coarse arenaceous 
texture. The mineral make up comprises of sub-rounded to rounded monocrystalline quartz, 
potassic feldspar (microcline) with muscovite intercalated in between grains (see Figure A10). 
The whole rock framework is grain supported. 
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1.2.7 Dirkskraal Formation 
A.  Geology 
 
Figure A11: Photographs displaying steeply dipping beds of the Dirkskraal Formation.  
Outcrop location: (a) 33° 04’ 14.1’’ S; 23° 29’ 32.3’’ E. 
                             (b) 33° 04’ 35’’ S; 23° 29’ 35.8’’ E. 
     
The figure above (Figure A11) displays a light coloured, fine grained sandstone of Dirkskraal 
Formation. In this locality the outcrop displays southly steep dipping layers of sandstone with 
~1 m thick bed of thinly laminated dark shale sandwiched in between. However, the dip angle 
varies within the study area. Common sedimentary structures include cross bedding and also 
tectonic reverse fault which cuts across the entire unit.  
These rocks have been interpreted as marine deposits due to quartz rich and rounded grain shape 
and well sorting. This is an indication that deposition occurred in a strong hydrodynamic 
environment, probably in a marine setting.  
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1.3 KAROO SUPERGROUP 
1.3.1 Dwyka Group 
A. Geology 
 
Figure A12: Photographs showing a typical diamictite of the Dwyka Group with quartzite and 
mudrock fragments.  
Outcrop location: 33° 14’ 47.2’’ S; 22° 32’ 46.2’’ E. 
 
The Dwyka diamictite (Figure A12), often referred to as tillite, occurs at the base of the Karoo 
Supergroup and marks the beginning of deposition in the Karoo Supergroup. This unit is easily 
identified above the Witteberg Group by poorly sorted nature of dark grey, massive diamictite 
 154 
with irregular shaped fragments of sandstone, mudstone, and quartzite. It is evident from the 
angular shape of diamictite fragments that they have not been transported far from their source 
areas. 
 
B. Mineralogy  
 
Figure A13: Photomicrographs displaying variations in grain size and types of the lithic 
fragments in Dwyka Group diamictite. 
 
The photomicrographs above display a poor sorting character in grain morphology of the 
Dwyka diamictite. The rock sample comprises a mixture of various lithic minerals from 
different rock types. Quartz (both mono and polycrystalline) is present as a major constituent 
mineral. Other minerals include, in order of decreasing abundance, plagioclase, kaolinite, 
microcline, chert and muscovite.  Muscovite is present in trace quantities due to weathering.  
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1.3.2 Prince Albert Formation 
A. Geology 
 
Figure A14: Photograph displaying folding and subvertical cleavage in Prince Albert Formation 
mudstone. Yellow solid lines indicate cleavage. 
Outcrop location: 33° 13’ 33.6’’ S; 20° 36’ 39.6’’E.  
The Prince Albert Formation forms the basal part of the Ecca Group sedimentary strata. 
Stratigraphically the rocks of this unit can be identified overlying directly above the early 
Permian glacial diamictite of the Dwyka Group. It is characterised by fine grained, dark grey-
greenish mudstone which displays a red oxidation colour in its weathered state. In places where 
weathering is extensive the Prince Albert Formation occurs as thin laminated, red layers of 
mudstone. Schulz et al. (2016) reveal that limited sulphur in the lower Prince Albert mudstones 
reflect deposition in marine water.  
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B. Mineralogy  
 
Figure A15: Photomicrograph depicting the fine grained shale of the Prince Albert Formation. 
 
Quartz mineral (Figure A15) is the principal constituent in Prince Albert shale together with 
feldspar. To some degree, the quartz grains display roundness that is likely to have been 
acquired during transportation process through abrasion. Sodium rich feldspar as the second 
major detrital mineral, while haematite and kaolinite, chlorite occur as accessory minerals.  The 
whole grain framework is supported by clay matrix. 
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1.3.3 Whitehill Formation 
A. Geology 
 
Figure A16: Photographs illustrating carbonaceous shale of the Whitehill Formation. Note: The 
white weathered colour and folding of the Whitehill Formation (left photo) and the original dark 
colour of the rock (right photo).  
Outcrop location: 33° 10’ 15.6’’ S; 20° 35’ 9.6’’E.  
The Whitehill Formation is characterised by white weathering colour of thinly laminated, 
organic rich black shales. Chukwuma and Bordy (2016) indicate that normally a fresh outcrop 
of the Whitehill is characterised by a black colour. However due to exposure in the atmosphere 
the pyrite within these shales oxidises and leached, resulting to a whitish characteristic colour 
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(Linol et al., 2016). Facies analysis by Chukwuma and Bordy (2016) reveal that deposition of 
the Whitehill Formation was in a deep marine, low energy environment. 
B. Mineralogy  
Figure A17: Photomicrograph of the organic carbon and pyrite rich shale from the Whitehill 
Formation. Brownish colour is due to iron staining, and caused by weathering of pyrite. 
Figure A17 above show a typical shale of the Whitehill Formation under microscope. The rock 
contains quartz, feldspar, muscovite, pyrite and clay minerals such as smectite and illite. The 
high concentration of organic matter in the Whitehill Formation is believed to be the results of 
an anoxic, low energy depositional environment which allowed slow settling of sediments. 
Linol et al. (2016) indicate that black shales resulted from deposition of organic rich muds in 
an anoxic, low energy environment. 
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1.3.4 Collingham Formation  
A. Geology 
 
Figure A18: Photograph displaying a typical Collingham Formation shale. 
Outcrop location: 33° 13’ 33.6’’ S; 20° 36’ 39.6’’E.  
 
Figure A.18 above displays thin bedded Collingham shale with 30° dip angle farther to the north 
direction. The Collingham Formation is characterised by thinly laminated, dark brown–black, 
very fine grained shale with interbedded yellow-white tuffaceous claystone. The beds of 
Collingham shale display bedding thickness of approximately 1-5 cm which can be 
rhythmically alternated with claystone. Schulz et al. (2016) relate the Collingham Formation to 
suspension and rhythmic turbidite deposits. McKay et al. (2015) cited in Marsh (2016) describe 
the interbedded tuff to be of volcanic origin sourced from the magmatic arc farther to the south 
of the Cape Fold Belt. Bangert et al. (1999) cited in de Wit (2016) indicate that U/Pb age dating 
of zircons from the tuffs reveal their age to be betwwen 297± 1.8 Ma. 
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B. Mineralogy  
 
Figure A19: Photomicrograph of Collingham Formation shale showing elongated thin lenses of 
muscovite.  
The mineral make-up of the Collingham shale consists of muscovite, quartz, sericite, pyrite and 
feldspars in the form of plagioclase (Figure A19). Muscovite under microscope occurs as 
scattered, light brass coloured fibrous flakes. Quartz is sub-rounded and shows overgrowth in 
some grains, which indicates recrystallization from pre-existing quartz crystals. Sericite is 
believed to have formed through alteration of smectite clay during recrystallization process.           
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1.3.5 Ripon Formation 
A. Geology  
 
Figure A20: Photograph illustrating the Ripon Formation sandstone with interbedded mudstone. 
Outcrop location: 33° 13’ 49.2’’ S; 22° 32’ 40.2’’E.  
Figure A20 above displays a fine to very fine grained, dark coloured tightly packed mudstone 
units sandwiched in between medium grained, massive bedded sandstone of the Ripon 
Formation. The units dip at 45° dip angle towards the north. However this varies in some places 
within the study area. Generally, from oldest to youngest the Ripon is divided into three 
members, the Pluto’s Vale Member, Wonderfontein Member, and the Trumpeters Member. The 
sandstone and mudstone displayed here belong to the younger Trumpeters Member.  
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B. Mineralogy  
 
Figure A21: Photomicrograph showing a moderately sorted sandstone from the Ripon 
Formation sandstone.  
Under plane polarised light the Ripon Formation sandstone displays a medium to coarse, 
moderately sorted grain morphology. The sandstone comprises both mono- and poly- crystalline 
quartz, anhedral sodium rich feldspar (plagioclase), kaolinite and calcite (Figure A21). Both 
quartz and feldspar occur as major mineral constituents while kaolinite and calcite are present 
as accessory minerals which occur in clay matrix. Angular fragments of feldspar grains suggest 
a short travelled distance from the sediment source to the depository. 
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1.3.6 Fort Brown Formation 
A. Geology  
 
Figure A22: Photograph displaying a typical Fort Brown Formation rhythmite with alternating 
mudstone and sandstone. 
Outcrop location: 33° 09’ 53.9’’ S; 22° 32’ 38’’E.  
 
The Fort Brown Formation consists essentially of grey, fine to medium grained sandstone with 
dark green, interbedded or lenticular mudstone units (Figure A22). Sporadic calcareous 
concretions are found in the beds. The well-developed rhythmic lamination of light and dark 
coloured mudstone and siltstone in the Fort Brown Formation indicates seasonal alteration of 
sediment supply during the deposition process. The characteristics of petrography and 
sedimentary structure of the sediments is similar to the varve bed of lacustrine deposit, which 
probably formed in a relative deep and quiet water environment.   
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B. Mineralogy  
 
Figure A23: Photomicrograph displaying a poorly sorted wacke from the Fort Brown 
Formation. 
The poorly sorted rhythmite of the Fort Brown Formation contains large, angular shaped grains 
of plagioclase with rounded quartz crystals as major mineral constituents (Figure A23). The 
feldspars display both pericline and carlsbad twinning, while quartz crystals exhibit an 
undulatory (strained) extinction, suggesting a metamorphic origin. The framework grains are 
supported by clay matrix, mostly smectite with small amount of kaolinite minerals. Lithic 
fragments of metamorphic rocks and detrital muscovite occur in parts of the thin sections. 
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1.3.7 Koonap Formation 
A. Geology  
 
Figure A24: Photograph displaying the Koonap Formation of sandstone and mudstone units. 
Outcrop location: 33° 46’ 53’’ S; 20° 18’ 36.9’’E.  
The Figure above (Figure A24) display a fine to medium grained, light brown, massive bedded 
(>1 m of bed thickness) sandstone with interbedded grey mudstone of Koonap Formation. This 
outcrop belongs to Adelaide Subgroup of the Beaufort Group and marks changes in depositional 
environment from lacustrine to fluvial setting (Geel et al., 2014). Common sedimentary 
structures include cross bedding and lamination, such as trough and tabular cross bedding are 
present in the sandstone.  
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1.3.8 Middleton Formation 
A. Geology  
 
Figure A25: Photograph displaying the Middleton Formation rock units, where the first red 
mudstone appears in the Karoo Supergroup. 
Outcrop location: 33° 45’ 35’’ S; 20° 20’ 58.9’’E.  
The Middleton Formation consists of massive bedded sandstone with red mudstone which 
sandwiched in between sandstone layers. This formation marks the first appearance of red 
mudstones in the Beaufort Group of the Karoo Supergroup. Johnson and Le Roux (1994) 
describe the fine to medium grained sandstone to represent point bar deposits while the 
interlayered mudstones must have been deposited on the floodplains, probably during flooding.  
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1.3.9 Katberg Formation 
A. Geology  
 
Figure A26: Photographs displaying a typical Katberg Formation sandstone. 
Outcrop location: 33° 45’ 35’’ S; 20° 20’ 58.9’’E.  
(a) Field photo displaying a massive bedded sandstone of the Katberg Formation. 
(b) Field photo shows an intraclast (mudrock flake) within the sandstone. 
(c) Field photo depicts ferruginous concretions in the Katberg sandstone. 
(d) Field photo illustrating cross bedding in the Katberg sandstone.  
A massive bedded, light brown sandstone of the Katberg Formation is shown in the figure above 
(Figure A26). The Katberg sandstone is characterised by a fine to medium grained texture with 
planar cross bedding and sporadic ferruginous concretions in places. Mudrock intraclasts are 
evident in places.  
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B. Mineralogy  
 
Figure A27: (a) Photomicrographs displaying a medium to coarse grained sandstone of the 
Katberg Formation. (b) Photomicrograph showing plagioclase simple twinning under XP light 
with accessory plate inserted. 
In the Katberg sandstone calcium rich feldspar (plagioclase) and quartz grains occur as the 
major mineral constituents with kaolinite and muscovite present in negligible quantities. Quartz 
grains display as subrounded to angular form with undulatory (strained) extinction. Similarly, 
the feldspar grains display as subrounded to angular shape with simple albite twinning. The 
angularity displayed by both quartz and feldspar indicates that there has been less abrasion 
between the grains during transportation, thus suggesting a short travel distance of sediments 
during transportation. 
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1.4 INTERPRETATION OF XRD RESULTS 
The rock samples (17) were sent to the CGS laboratory for XRD analysis and the results were 
obtained in the form of XRD patterns (see Appendix B for patterns and XRD). 
 Selected rock samples for XRD analysis were washed with distilled water to remove 
contaminants and dried in the oven. The samples were then crushed separately into powder and 
a representative fraction of each sample was taken for further fining until a desired powder size 
was reached. The fine powdered samples were then spread on a glass slide and scanned at 2° 
2Ө/minute using Bruker XRD D8 Advance Model: V22.0.28 at a room temperature of 25 °C. 
Reflection mode was employed for datum analysis. Prepared samples were well positioned in 
samples holder for best orientation and thus having smooth flat surface. A monochromatic beam 
of X-rays was directed onto the powdered sample whose crystals are randomly arranged in 
every possible orientation. Some mineral crystals were oriented at Bragg’s angle to the incident 
ray, hence causing diffraction of every possible orientation of 2Ө. The directions and intensities 
of the outgoing diffracted beams were recorded by a moving detector connected to a chart 
recorder. The samples were gently rotated to homogenize anisotropy within the plane of the 
sample holder, thus improving the quality of data. The LED green ready light was displayed 
and the XRD Commander program was performed. Minerals were searched manually by their 
names using the normal search processes in the data command panel. 
The patterns revealed that most of the shale and mudrock in the study area consist chiefly of 
clay minerals including kaolinite, montmorillonite, talc, and chlorite. Quartz mineral occur as 
the dominant mineral in most of the sandstone with a composition of more than 60 %.  The clay 
minerals in the shale and mudrock units are inferred to result from the weathering and alteration 
of silicate minerals such as feldspars and other minerals while the abundance of quartz in the 
sandstone is more likely to be the product of Namaqua gneiss weathering. Under microscope 
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the quartz shows undulated extinction phase thus indicating metamorphic origin. The results 
from XRD analysis are in line with those observed in thin sections under microscope. For 
example, the calcite that has been detected by XRD in some of the samples was found to occur 
as grain cement and replacement in those rocks. The feldspars (microcline, anorthite and albite), 
actinolite, clinochlore which are likely to be the source of clay minerals are present in almost 
every rock specimen. Rock samples which were identified as arenite under thin section were 
later confirmed through XRD by the presence of abundant quartz. 
 
1.5 CONCLUSIONS 
Based on field investigations, both the Cape and Karoo Supergroups can be classified as 
sedimentary sequences made up of a wide spectrum of rock types, from the basement granites 
to sedimentary rocks, including sandstone, conglomerate, mudstone, shale, diamictite, wacke 
and greywacke.  
Mineralogical and petrological investigations of selected samples revealed quartz to be the most 
dominant mineral in most of rocks, including sandstone and mudstone. It is present in both 
forms, mono- and poly-crystalline quartz. The occurrence of quartz as a major constituent 
mineral in most of rocks could be accounted by the nature of its crystal framework which makes 
it hard and resistant to weathering and erosion, thus it withstood the effect of chemical 
dissolution and physical abrasion during sediment transportation. The quartz grains display a 
sub-angular to sub-rounded shape with moderate sorting in most rocks. Feldspar has been found 
to be the second most dominant mineral, the grains exhibit an irregular shape under microscope. 
Some feldspars have been altered to kaolinite, thus displaying a dusty colour under cross 
polarised light of microscope. Lithic fragments are a mixture of small and very fine grains that 
were mechanically broken down from larger fragments of various rock sources. Such patches 
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of grains were found in most of the rocks, particularly in the sandstone, embedded within detrital 
quartz and feldspar grains. Minerals such as muscovite, biotite, kaolinite, and calcite were found 
to occur as accessory (in trace quantities) minerals in most rocks with smectite and kaolinite 
forming the matrix and calcite forming cement around the detrital grains. 
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                                                              APPENDIX B 
THEORY ON GRAVITY AND MAGNETIC METHOD 
2.1 GRAVITY METHOD 
2.1.1 Gravity measurements 
Gravity measurements can be classified into two types, namely absolute and relative 
measurements. Absolute gravity measurements involve determining the value of gravitational 
acceleration directly from the data observed at the location of measurement. The relative 
measurement is acquired from measuring variations in gravitational acceleration between two 
or more locations. 
A. Absolute gravity measurement 
Determination of the absolute gravity value involves the use of a pendulum instrument. A 
pendulum is placed in a vacuum, then it is swung and its time period is measured, thus making 
it possible to compute the value of gravitational acceleration (Nabighian, et al., 2005). However, 
with the development of science and the desire for better accuracy of results than can be 
obtained through the use of pendulum this method was abandoned and a ballistic method was 
adopted, which is based on free-falling bodies (Keary and Brooks, 1991). This technique, which 
is used to acquire the value of gravitational acceleration from free-falling objects, is straight 
forward; it involves measuring the time taken by a body to fall over a known distance. 
B. Relative gravity measurement 
To obtain relative gravity measurements, a gravimeter is used to measure gravity variations in 
two or more different locations. These measurements are tied to the nearest absolute gravity 
network station. Relative measurements are the most employed in geophysical surveys than 
absolute measurements mainly because of ease of use and they can be acquired quickly. 
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2.1.2 Gravity reductions 
Once gravity values are collected during the field survey, they are still in a raw format and there 
is a need to correct these values before any analysis and interpretation can be performed. The 
corrections are performed to remove the effects arising from non-geological factors such as time 
variations, latitude, elevation, and terrain. This process is known as gravity data reduction. 
A. Time variations 
Tidal correction 
 Tides are mainly created by the gravitational pull of the Moon and Sun and Earth’s rotation 
movement. Moreover, the Moon is much closer to the Earth therefore it exerts a strong 
gravitational pull. Reynolds (1997) points out that the observed gravity could be affected by 
Earth tides by of up to ±3 g.u. within a period of 12 hours, hence the effect of tides must be 
corrected. The tidal correction can be obtained from published tidal tables or commercial 
software (e.g. Geosoft Oasis Montaj). The tidal corrected gravity is given by the formulae; ∆𝑔 =
𝑔𝑜𝑏𝑠 − 𝑇𝐷  where TD is the tidal correction and gobs is the observed gravity. 
Drift correction 
 Instrument drift is related to a gravimeter that is being used for taking measurements. The 
gravimeter is strongly affected by temperature changes and elastic creep in spring thus causing 
it to drift over time. This shortcoming of an instrument can be corrected by taking repetitive 
gravity readings at the base station overtime throughout the day and then plot the readings 
against time to form a drift curve. Subtracting the first observed gravity reading at the base 
station from the repeated base station value gives an amount by which an instrument has drifted 
d at that particular time t (see Figure B.1). The instrument drift can be positive or negative. 
 At this stage ∆𝑔 = 𝑔𝑜𝑏𝑠 − 𝑇𝐷 − 𝐼𝐷, where ID is the instrument drift. 
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Figure B1: A gravimeter drift curve (adapted from Reynolds, 1997). 
B. Latitude correction 
Gravity values measured at any point on the Earth’s surface vary with latitude. This is because 
the Earth is not a perfect sphere and the effect of centrifugal acceleration is different at the poles 
as compared to the equator (Robinson and Coruh, 1998). The gravitational acceleration is higher 
at the poles than at the equator i.e. it increases as one moves from the equator towards the poles. 
So to correct for the effect of latitude in gravity values measured during a survey, an 
International Gravity Formula (IGF) is adopted and is expressed by: 
 
The IGF gives a theoretical sea level value of gravity; therefore, subtracting this value from 
observed gravity gives the corrected gravity value that is free of latitude effect. However, for a 
local survey a simple latitude correction is done by selecting a local base station in which at any 
given degree of latitude (𝜑) a horizontal gravity gradient (∆𝑔𝐿) can be determined (Reynolds, 
1997). The horizontal gradient (∆𝑔𝐿) is obtained by an expression: 
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∆𝑔𝐿 = −8.108𝑠𝑖𝑛2𝜑 𝑔. 𝑢./𝑘𝑚, in a north- south direction in the southern hemisphere. 
C. Elevation corrections 
There are two elevation corrections i.e. free air and Bouguer corrections as explained below. 
Free air correction 
Using the expression 𝑔 = 𝐺𝑀/𝑅2 it is clear that the gravity decreases with increasing distance 
away from the centre of the Earth. This means that differences in elevation during the survey 
cause variations in observed gravity values and these variations can be corrected through the 
process that is known as free-air correction. Free air correction is expressed in the form: ∆𝑔𝐹 =
3.086ℎ 𝑔. 𝑢  where, h is the height/elevation above sea level or a chosen elevation datum. 
However, before free air correction can be applied to the observed gravity data, it is necessary 
to have knowledge of the elevation of every gravity station in the survey area. If station heights 
(h) are known, then the free air correction process is simply undertaken by correcting all 
observed gravity readings to a common elevation (e.g. sea level) by adding 3.086 times the 
height h of the station above the datum to each reading.  
 
Figure B2:Free air and Bouguer slab corrections. The numbers indicate the location of supposed 
gravity station within a survey area with respect to topography. The shaded block is the Bouguer 
slab. 
 
For gravity stations 1, 3, and 5 (see Figure B.2) free air correction is zero, since h=0. 
For gravity stations 2 and 6 free air correction is negative since h is negative. 
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For stations 4 and 7 free air correction is positive since h is positive. 
After carrying out the free air correction, the anomaly is called the free air anomaly (FAA) and 
is given by: 𝐹𝐴𝐴 = 𝑔𝑜𝑏𝑠 − 𝑇𝐷 − 𝐼𝐷 + 3.086ℎ  g.u. 
Bouguer Correction 
The excess mass of rock material between the observation station that is located above the 
datum (see Figure B2) causes some gravity variations, so does the mass deficiency at an 
observation station that is situated below the datum. The Bouguer correction takes into account 
this mass and corrects for these gravity variations. It assumes that the rock mass between 
observation stations and datum is horizontal and extends to infinity with uniform thickness and 
density i.e. ∆𝑔 = 2𝜋𝐺𝜌ℎ where, h is thickness (m) and ρ is density (kg/m3) (Reynolds, 1997).  
The Bouguer correction is done in an opposite way to that for free air correction. 
 
For gravity stations 1, 3, and 5 the Bouguer correction is zero. 
For gravity stations 2 and 6 the Bouguer correction is added, since it is a deficiency of mass. 
For stations 4 and 7 the Bouguer correction is subtracted, it is an excess mass. 
At this stage the anomaly is referred to as simple Bouguer anomaly (SBA) given by: 𝑆𝐵𝐴 =
𝑔𝑜𝑏𝑠 − 𝑇𝐷 − 𝐼𝐷 + 3.086ℎ − 2𝜋𝐺𝜌ℎ 
D. Terrain correction 
Griffiths and King (1974) argue that it is incomplete to end with the Bouguer correction in a 
topography that is characterised by irregularities of elevation (low and high slope) within the 
locality of gravity station. Such criticism arises from the fact that the Bouguer correction 
assumes there is an infinite slab of rock with uniform density and thickness between the 
observation point and sea level (or datum) since the topography is not constant. Hammer (1939) 
(cited in Griffiths and King, 1974, p. 144) introduces a solution method known as Hammer 
Chart which has been adopted to correct for gravity variations in mountainous areas where the 
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Bouguer correction fails. The terrain correction T is added to get the complete Bouguer anomaly 
CBA given by:  𝐶𝐵𝐴 = 𝑔𝑜𝑏𝑠 − 𝑇𝐷 − 𝐼𝐷 + 3.086ℎ − 2𝜋𝐺𝜌ℎ + 𝑇 
Quite often the terrain correction is ignored in places where the topography is gentle. 
2.1.3 Interpretation of gravity anomalies 
A. Regional and residual anomaly 
The gravity anomaly (Bouguer anomaly) obtained is often a combination of regional and 
residual anomalies. The former is produced by large scale features such as the rocks surrounding 
the anomalous causative body (e.g. an ore body) and the latter results from the anomalous body 
itself. The regional anomaly is often large in size therefore it tends to mask smaller gravity 
anomalies i.e. anomalies produced by local bodies. It is therefore very important to remove the 
effect of regional anomalies from gravity observations before interpretation is done (Mariita, 
2007). The process of regional removal is simple; it involves separation of regional anomaly 
from the Bouguer gravity, thereby leaving the residual anomaly. This can be done through 
graphical estimate, where the Bouguer anomaly is plotted, then the linear regional is fitted to 
the Bouguer gravity and an estimate of residual is sketched or removing a mathematically 
computed trend of the data. 
B. Depth rules  
To determine the depth to the centre and/ or top of the anomalous body aids in interpretation 
process (Reynolds, 1997). Several methods can be used to achieve this depending on the 
technique used to interpret and this depth is commonly known as limiting depth (Reynolds, 
1997).   
In gravity survey there are two rules that are commonly employed to compute average depth to 
the centre of the ore body i.e. Rule of Thumb and Smith Rule (Reynolds, 1997). Rule of thumb 
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is simply straight forward, it uses the half width (𝑥1/2) method, that is the half width of the 
anomaly at half maximum anomaly to estimate the depth to a body and is given by the 
equation 𝑧 = 1.305𝑥1/2, where z is the depth to the centre of the causative body. The latter uses 
gradient amplitude ratio method and it is most applicable where there is no information about 
shape of the causative body or the body has irregular shape (Musset and Khan, 2000).  
C. Mass determination  
Reynolds (1997) describes two methods that can be used to compute mass differences between 
an anomalous body and the host rock. One of these methods uses the rule of thumb which 
assumes the shape exhibited by an anomalous body and computes the half width from the 
gravity anomaly that arises. Then subtraction of the mass due to geologic feature from the mass 
estimated using gravity data gives the anomalous mass (Reynolds, 1997). The second method 
is based on Gauss’s theorem; this method uses gravity association to calculate the anomalous 
mass and makes no assumption about the shape or size of the body.  
2.2 Magnetic Method 
2.2.1 The Earth’s main field 
The Earth’s main field results from the fluid outer core of the Earth through a dynamo process 
(Reynolds, 1997). It has the largest contribution on the magnetic field observed on the Earth’s 
surface and changes slowly within a time scale of years. 
2.2.2 The Crustal field 
The crustal field can be described as a portion of the Earth’s magnetic field that results or is 
associated with magnetism of terrestrial crustal rocks. Basically the crustal field comprises of 
magnetism caused by the induction from the Earth’s main field and from remanent 
magnetization. 
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2.2.3 Temporal variations 
The Earth’s magnetic field is characterised by temporal variations. These variations have 
different origin and are divided into two main classes, short and long term variations. Short term 
variations originate from the outer space while long term are due to secular variations. 
2.2.4 Magnetic properties of rocks and minerals 
Most rocks have their magnetic characteristics because of magnetic minerals they comprise of. 
Whilst these minerals are present in small quantities in these rocks, they have significant effect 
in magnetic character that these rocks reflect. Musset and Khan (2000) describe the mineral 
magnetite as the most common magnetic mineral with greatest magnetism in rocks, followed 
by hematite but with much weaker magnetism than magnetite and then haematite, respectively. 
The table below (Table B.1) shows the magnetic susceptibilities (a degree of magnetisation of 
a particular rock) of different minerals and rocks. 
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Table B1: The magnetic susceptibilities of different minerals and rock types (extracted from 
Reynolds, 1997).  
Mineral or rock type      Susceptibility (SI units)  
 
Sedimentary 
     
 
 
Dolomite         -12.5 to +44 
Limestone           20 000  
Sandstone              0 to 21 000  
Shale           60 to 18 000  
Average for various           0 to 360  
        
Metamorphic        
Schist           315 to 3000  
Slate           0 to 38 000  
Gneiss           125 to 25 000  
Serpentinite           3100 to 75 000  
Average of various           0 to 73 000  
        
Igneous         
Granite           10 to 65  
Rhyolite           250 to 37 700  
Gabbro           800 to 76 000  
Basalts           500 to 182 000  
Pegmatite           3000 to 75 000  
Average for acid rocks           40 to 82 000  
Average for basic rocks           550 to 122 000  
        
Minerals         
Chalcopyrite           400  
Gypsum          -10  
Haematite           420 to 38 000  
Magnetite           70 000 to 2 ×107  
Pyrrhotite      1        250 to 3.6×106  
Graphite          -80 to -200  
     
Note that igneous rocks have high susceptibility among the rock types followed by metamorphic 
rocks and sedimentary rocks with lowest susceptibility. 
2.2.5 Remanent and induced magnetization 
Rocks acquire magnetization as they solidify and cool through the Curie temperature (a 
temperature at which rocks loose their permanent magnetisation). This magnetization can be 
induced and/ or remanent. Remanent magnetization can be natural, thermal, chemical and 
detrital. Commonly it is acquired as magnetic minerals or sediment particles align with the 
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Earth’s magnetic field during sedimentation and it may last for a period of years.  Moreover, 
remanence makes interpretation of magnetic anomalies uncertain because its direction is 
generally unknown (Musset and Khan, 2000). Induced magnetization lasts only for the period 
of time when an external field is applied and is in the same direction as the ambient Earth’s 
magnetic field unless the rock is magnetically anisotropic (Keary and Brooks, 1991). When the 
external magnetic field is removed the rocks lose their magnetic character i.e. the strength of 
magnetization Mi is proportional to the strength of external field H and rock susceptibility 
(Musset and Khan, 2000). 
2.2.6 Magnetic instruments and measurements 
Magnetic measurements can either be made on the ground using designated ground instruments 
(ground magnetic survey) or in the air (aeromagnetic survey) using instruments mounted in 
airplanes or gyrocopters. Reynolds (1997) classifies magnetometers that are usually employed 
in exploration geophysics into three groups i.e. torsion and balance magnetometer, fluxgate 
magnetometer, and resonance magnetometer. With the introduction of fluxgate and resonance 
magnetometers, torsion and balance magnetometer have received much less attention in 
exploration because it takes time to process their data (Keary and Brooks, 1991). However, 
despite time delays associated with torsion balanced magnetometer, it is still a leading 
instrument used to measure magnetic declination. Fluxgate magnetometers give continuous 
reading and are exploited for this feature as they result in quicker measurements when readings 
are taken at short intervals. Resonance magnetometers are usually applicable when high 
sensitivity is needed. 
2.2.7 Temporal variations of Earth’s magnetic field 
When data is collected in the field and brought in for analysis it is still in its raw state and has 
to be corrected before interpretation can be performed so as to take care of various effects that 
 182 
lead to variations in the Earth’s magnetic field and distort the observed data. These effects are 
diurnal, micropulsations, magnetic storms and secular variations. These are explained below. 
A. Diurnal variations  
These result from changes in the strength and direction of currents in the ionosphere (Reynolds, 
1997). These fluctuations in magnetic field can last for a period of one day and can cause 
variations in the order of 50 nano Teslas (nT) per hour (Telford et al., 1990). 
B. Micro-pulsations  
Micropulsations are very short period disturbances in the Earth’s magnetic field and can range 
from few tens to hundreds of nT in intensity. According to Musset and Khan (2000) these short 
term spikes can yield problems in interpretation of survey data as they may appear to have 
similar characteristics as anomalies that result from buried bodies for which the survey was 
designed for. 
C. Magnetic storms 
These are passing disturbances in the Earth’s magnetic field due to sunspot activities and solar 
activities and may last for as long as days or as short as an hour (Reynolds, 1997).  It is often 
necessary to suspend the survey if it is noticeable that the magnetic readings are not constant 
i.e. they fluctuate with much differences between them, as this might be an indication that the 
area in which the survey is conducted is affected by a magnetic storm. 
D. Secular variations 
These are slow changes in the Earth’s magnetic field over a long period of time that ranges from 
centuries to thousands of years. Secular variations originate from the Earth’s outer core in 
similar fashion as the main magnetic field.  
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2.2.8 Interpretation of magnetic anomalies 
The magnetic data acquired during a survey is often represented in a form of contour maps with 
lines joining equal strength of the anomaly field. These maps are then interpreted to deduce 
information about observed anomalies and the interpretation is either qualitative or quantitative. 
Griffiths and King (1974) point out that qualitative interpretation is done first before 
quantitative interpretation and it involves inspection of contour maps to identify obvious 
features and describe rocks that are likely to give rise to magnetic anomalies. On the other hand, 
quantitative interpretation of magnetic anomalies includes direct and indirect interpretation. The 
former includes determining the limiting depth (the depth to the top of the magnetic body), 
which is deduced from magnetic anomalies by making use of their property of decaying rapidly 
with distance from the source e.g. magnetic anomalies produced by shallow sources have high 
frequency than those resulting from deeper sources. An indirect interpretation of magnetic 
anomalies attempts to match the observed anomaly with that anomaly calculated for a model 
(Keary and Brooks, 1991). 
2.2.9 Filters 
In this study the filters that were applied to the magnetic field data are: Upward and downward 
continuation, reduction to the pole and derivative (full horizontal, first vertical and analytic 
signal) filters. These are described below. 
A. Upward and downward continuation 
Upward and downward continuation are mathematical methods that are adopted in geophysics 
to separate the regional field from the residual anomaly. Specifically, these filters are applied 
in magnetic field data to obtain magnetic field intensity which would be observed if survey 
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measurements were taken at a greater (upward continuation) or lesser height (downward 
continuation), than were actually taken. 
For the purpose of this study, the upward continuation filter was applied in order to smoothen 
out near surface effects. In Musset and Khan (2000) it is described that upward continuation is 
used to decrease the relative size of anomalies that arise from shallow, near surface bodies, as 
well as to enhance signatures arising from deep seated anomalous bodies. 
Telford et al. (1990) describe the upward continuation using a mathematical expression given 
by: 
𝐹(𝑥, 𝑦, +ℎ) =
ℎ
2𝜋
∬
𝐹(𝑥, 𝑦, 0)𝑑𝑥𝑑𝑦
{(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + ℎ2}1/2
∞
−∞
, 
where  𝐹(𝑥, 𝑦, +ℎ)  is the total field at point 𝑃(𝑥′, 𝑦′, +ℎ) above the surface at which 𝐹(𝑥, 𝑦, 0) 
is known and h represent the elevation above the surface. The upward continuation filter in the 
wavenumber domain is 𝐿(𝑟) = 𝑒ℎ𝑟, where h is the continuation height and r is the radial 
wavenumber. Similarly, the downward continuation filter is expressed in the form of this 
equation 𝐿(𝑟) = 𝑒ℎ𝑟, where h is the distance to be continued downwards (Keary and Brooks, 
1991). In this study this filter was applied using Geosoft Oasis Montaj to accentuate on 
anomalies arising from shallow near surface bodies. 
B. Reduction to Pole (RTP) 
Quite often the magnetic field anomalies are dipolar i.e. an anomaly will have a positive and a 
negative lobe. For the purpose of this study, the magnetic gridded data have been reduced to the 
pole to remove its dependence on the angle of magnetic inclination. Generally, reduction to the 
pole filter is applied on magnetic data to remove the effects of inclined magnetic field and to 
get the field intensity similar to one which would be observed if the Earth’s magnetic field had 
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been vertical not inclined during the survey. This effect causes anomalies to be seen directly 
above causative bodies rather than being shifted/ tilted aside due inclination effect. 
Reduction to pole filter is described as: 
𝐿(𝜃) =
1
[𝑠𝑖𝑛(𝐼𝑎) + 𝑖𝑐𝑜𝑠(𝐼)cos (𝐷 − 𝜃)]
 
I =geomagnetic inclination 
Ia= inclination for amplitude correction, D= geomagnetic inclination 
C. Vertical Derrivative (VD) 
This filter emphasizes anomalies that are due to near surface features. It enhances shallow 
magnetic sources and tends to sharpen the boundaries of their anomalies. Vertical derrivative 
has been applied in observed field magnetic data to delineate edges of short wavelength features. 
Its filter is given by: 
𝐿(𝑟) = 𝑟𝑛, 
with n being the order of the vertical derivative. 
D. Horizontal Derrivative (HD) 
It emphasizes on the edges of anomalous bodies; it estimates contact location of deep seated 
anomalous bodies. This is necessary in outlining the position of causative body. Moreover, this 
method gives peak anomalies that are present directly above magnetic contacts. 
Suppose M is the magnetic field, the HD is given by: 
𝐻𝐷 = √[
𝑑𝑀
𝑑𝑥
]
2
+ [
𝑑𝑀
𝑑𝑦
]
2
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E. Analytical signal 
This filter integrates HD and VD to produce magnetic features that are independent of the 
direction of remanent magnetization of the source with amplitudes that are related to the 
magnetic body. The analytical signal is commonly applied to delineate the magnetic contacts 
and give approximate estimates of their depth. 
The analytical signal is given by; 
𝐴(𝑥, 𝑦) =  √[
𝑑𝑀
𝑑𝑥
]
2
+ [
𝑑𝑀
𝑑𝑦
]
2
+ [
𝑑𝑀
𝑑𝑧
]
2
 , 
with A representing an amplitude of the analytical signal and M the magnetic field. 
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                                                                APPENDIX C 
X-RAY DIFFRACTION (XRD) PATTERNS 
3.1 Introduction 
The x-ray diffraction technique is an electromagnetic radiation based method, which is used to 
probe a crystalline structure, size and shape of different materials. Within the field of science, 
it is a common knowledge that each individual mineral has a unique crystal structure and 
parameters, i.e. the arrangement of atoms, size and shape of atoms. This means that each 
individual mineral grain bombarded with an x-ray beam will produce a signature (i.e. 
characteristic x-ray pattern) that is unique from the adjacent crystal. This enables the 
determination and identification of various individual mineral grains using Bragg’s law.  
Figure C1: X ray diffraction setup. 
A high energy beam is bombarded into a metallic object to produce a short wavelength, high 
energy electromagnetic radiation i.e. the x-rays. The metallic object is positioned within the 
XRD machine such that the produced x-rays are reflected through a monochromator which 
concentrates and directs the rays to the sample under investigation. The interaction of x-rays 
with the sample results in a constructive interference pattern due to atoms i.e. an electron in the 
K-shell become excited and ejected from the shell by an external electron (see Figure C1 (b)). 
An electron from low energy shell, L or M-shell moves in to K-shell and fill in the vacancy left 
by an ejected electron. In the process the ejected electron emits a characteristic x-ray which is 
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a fingerprint/ signature of crystal internal structure. It is this signature that is interpreted and 
compared with known standards on the database and enables positive identification of a crystal. 
3.2 XRD patterns and results 
A qualitative x-ray diffraction analysis was conducted on 17 samples at Council for Geoscience. 
The XRD patterns are presented in Figure C.2 to C.18 and the results of these patterns are 
summarised in Table C1 below.  
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Figure C2: Representative X-ray diffraction pattern of Table Mountain Group quartzite.  
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Figure C3: Representative X-ray diffraction pattern for the Nardouw Subgroup sandstone arenite. 
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Figure C4: Representative X-ray diffraction pattern for the Traka Subgroup mudstone. 
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Figure C5: Representative X-ray diffraction pattern of sandstone arenite from Swaartwaterspoort Formation. 
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Figure C6: Representative X-ray diffraction pattern for Dirkskraal Formation quartzite. 
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Figure C7: Representative X-ray diffraction pattern of Dwyka Group glacial diamictite, Laingsburg. 
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Figure C8: Representative X-ray diffraction pattern of Dwyka Group glacial diamictite, Vogelstruiseleegte. 
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Figure C9: Representative X-ray diffraction pattern of Prince Albert Formation mudstone, Vogelstruiseleegte.  
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Figure C10: Representative X-ray diffraction pattern of Prince Albert Formation mudstone, Laingsburg.  
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Figure C11: Representative X-ray diffraction pattern of thinly laminated shale of Collingham Formation, Blouboskuil.  
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Figure C.12: Representative X-ray diffraction pattern of khaki Collingham Formation shale, Laingsburg.  
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Figure C13: Representative X-ray diffraction pattern for fine grained sandstone of Ripon Formation.  
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Figure C14: Representative X-ray diffraction pattern of Ripon Formation shale.  
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Figure C15: Representative X-ray diffraction pattern of Fort Brown Formation rhythmite.  
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Figure C16: Representative X-ray diffraction pattern of Koonap Formation sandstone.  
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Figure C17: Representative X-ray diffraction pattern of Katberg Formation sandstone.  
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Figure C18: Representative X-ray diffraction pattern of Beaufort Group mudstone. 
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X-RAY DIFFRACTION LABORATORY RESULTS 
Table C1: X-Ray diffraction results of the selected rock samples from the Cape and Karoo Supergroup. 
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ZN01 B Mudstone Beaufort Group - 6 - - - 58 15 10 4 7 
ZN01 E Diamictite Dwyka Group - - - 7 3 29 46 7 6 tc 
ZN01 F Shale Prince Albert Formation - tc - - 2 3 59 2 29 2 
ZN01 J Shale Prince Albert formation - - - - tc 10 36 27 26 - 
ZN01M Quartzite Nardouw Group tc - - - 4 2 82 2 9 - 
ZN02 D Quartzite Table Mountain Group - tc - - - 2 82 7 8 - 
ZN02 J Shale Collingham Formation 11 - - - - 24 57 3 5 - 
ZN02 K Sandstone Ripon Formation tc - - 8 - 33 51 4 3 - 
ZN02 L Shale Ripon Formation 6 - - - - 31 49 7 7 - 
ZN02M Rhythmite Fort Brown Formation 2 - - 11 4 28 40 10 5 - 
ZN03 D Shale Collingham Formation 13 - - tc 3 23 42 8 10 - 
ZN03 G Arenite Dirkskraal Formation - - - - tc tc 96 tc 2 - 
ZN04 A Diamictite Dwyka Group 2 - - - 11 20 42 21 3 - 
ZN04 B Arenite Swaartwaterspoort Formation - - - - tc tc 92 tc 5 - 
ZN04 E Sandstone Katberg Formaton tc - - 5 13 29 44 4 4 - 
ZN04 G Arenite Kookfontein Formation - - - - tc 2 77 17 4 - 
ZN04 H Sandstone Koonap Formation - - - 3 - 37 49 7 4 - 
Table C.1 above illustrate X-Ray Diffraction laboratory results for 17 rock samples. Note: (-) not detected; tc- trace 
 207 
                                                                                                         APPENDIX D 
DENSITY MEASUREMENTS OF CAPE AND KAROO ROCK SAMPLES 
Table D1: Calculated densities (dry, wet and particle) and porosity of rock samples from the Cape and Karoo Supergroup utilising Archimedes’ principle  
Supergroup           Group             Formation                    Lithology                 Dry density          Wet density         Particle density        Porosity  
                                                                                                                                    (g/cm3)                     (g/cm3)                      (g/cm3)                        (%) 
 
Pre Cape 
            Quartzite          2.673     2.677           2.681            0.3 
            Quartzite                        2.736                      2.745                      2.760                    1.0 
            Quartzite                        2.675                      2.679                      2.683                        0.3 
            Mica Schist                    2.693                      2.697                      2.702                        0.3 
Cape 
             Arenite           2.587      2.590                     2.596         1.9 
             Arenite           2.576      2.581           2.587         1.2 
             Arenite           2.589           2.594           2.596         1.5 
             Quartzite              2.503                 2.509           2.518         1.6 
             Quartzite              2.519                 2.544           2.581         2.4 
             Quartzite            2.580      2.587           2.598         0.7 
             Shale           2.557      2.562           2.569         0.4 
             Shale           2.440      2.495           2.474         5.4 
             Shale           2.463      2.476           2.492         1.2 
      Shale           2.434      2.443           2.455         0.8 
                                                                                          Conglomerate          2.685      2.721           2.744                    1.3 
             Conglomerate          2.703      2.740           2.763         1.4
             Siltstone           2.419      2.445           2.483                    2.6 
             Quartzite           2.774      2.788           2.812         1.3 
             Mudrock           2.427      2.450           2.483         2.2 
             Mudrock           2.507      2.515           2.526                        0.8 
                   Mudrock                      2.472      2.483           2.497         1.0 
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             Mudrock           2.493      2.501           2.513                        0.8 
             Siltstone           2.388       2.393           2.405         1.2 
 
 
 
 
 
 
Karoo 
    Dwyka            
             Diamictite           2.489      2.509           2.538         2.0 
             Diamictite           2.301      2.315           2.513         1.4 
             Diamictite           2.556      2.565           2.579         0.9 
             Diamictite           2.511      2.518           2.530         0.7 
                 Diamictite           2.740      2.767           2.814         2.6 
             Diamictite           2.750      2.766           2.793         1.6 
 
    Ecca 
       Prince Albert 
             Shale           2.523      2.542           2.571         1.8 
             Shale           2.536      2.393           2.444         3.6 
             Shale           2.432      2.439           2.440         0.1 
             Shale           2.456      2.489           2.538         3.2 
      Shale           2.565      2.593           2.638         2.8 
      Shale           2.442      2.460           2.484         1.7 
      Whitehill 
             Shale           2.215      2.244           2.280         2.8 
             Shale           2.368      2.442           2.554         7.3 
             Shale           2.632      2.639           2.651         0.7 
             Shale           2.636      2.660           2.699         2.4 
      Shale           2.665      2.678           2.700         1.3 
      Shale           2.359      2.430           2.535         7.0 
      Shale           2.337      2.442           2.607         10.3 
      Collingham    
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      Shale           2.472      2.483           2.497         1.0 
             Shale           2.466      2.476           2.491         1.0 
             Shale           2.522      2.532           2.546         0.9 
             Shale           2.440      2.471           2.516         3.0 
      Shale           2.680      2.692           2.712         1.2 
       
      
                                                   
                                                Ripon  
      Shale           2.310      2.345           2.386         3.0 
      Shale           2.432      2.453           2.482         2.0 
                                                                               Sandstone           2.742      2.757           2.783         1.5 
             Sandstone           2.717      2.725           2.739         0.8 
             Sandstone           2.757      2.771           2.797         1.4 
             Sandstone           2.754      2.764           2.782         1.0     
 Fort Brown 
      Sandstone           2.439      2.446           2.457         0.8 
      Mudrock           2.662      2.676           2.699         1.4 
                                                                               Mudrock           2.742      2.752           2.768         0.9 
             Mudrock           2.767      2.768           2.769         0.1 
             Mudrock           2.754      2.773           2.807         1.9 
     Kookfontein     
      Mudrock           2.519      2.531           2.549         1.2 
      Mudrock           2.516      2.529           2.549         1.3 
             Mudrock           2.497      2.501           2.506         0.4 
      Sandstone           2.463      2.471           2.483         0.8 
                                                                               Sandstone           2.451      2.501           2.577         4.9 
 
    Beaufort  
      Mudrock           2.499      2.548           2.624         4.8 
      Mudrock           2.162      2.186           2.213         2.3 
                                                                               Mudrock           2.795      2.801           2.811         0.6 
             Mudrock           2.465      2.473           2.484         1.3 
             Mudrock           2.513      2.522           2.534         0.8 
 210 
                                                                                          Sandstone           2.441      2.450           2.463         0.9 
      Sandstone           2.412      2.425           2.443         1.3 
                                                                               Sandstone           2.485      2.494           2.507         0.9 
 
 
 
 
